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FOREWORD 


The  material  centainc-i  ia  these  papers  eras  presented  originally  at  Batte'le 
Memorial  Institute  on  November  29,  1961,  before  an  invited  ^toup  representing  industrial 
organizations  currently  or  potentially  interested  in  chemical  vapor  deposition  as  an 
indu.  '-rial  processing  technique. 

Since  the  information  covered  is  of  general  interest  at  the  present  time,  the 
material  has  been  slightly  revised  and  is  being  given  further  distributisn  as  a  OM!C 
report. 
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THE  PROMISE  AND  PROBLEMS  OF  CHEMICAL 
VAPOR  DEPOSITION 


by 


J.  M.  Blochcr,  Jr. 

Chemical  vapor  deposition  is  making  a  significant  impact  on  our  economy  at  pres¬ 
ent  and  premises  to  be  of  greater  importance  in  the  future.  In  thi:^  presentation,  1  should 
like  to  compare  chemical  vapor  deposition  with  the  better  known  kindred  processes . 
electrodeposition  and  ^*acuum  metallizing,  and  to  indicate  several  areas  of  current  or 
impending  commercial  use.  We  shall  find  problems  and  limitations  along  the  way, 
limitations  imposed  in  many  cases  by  our  lack  of  fundamental  knowledge  of  the  process. 
However .  we  shall  find  much  promise  in  these  areas  and  others  which  may  appear  to  be 
more  "blue  sky**,  bat  which  deserve  oar  consideration. 

Chemical  vapor  deposition  is  one  of  the  techniques  which  can  apllj  tcA-med 
**molecular  forming**,  that  is,  building  up  of  coatings,  or  massive  deposits,  by  deposi¬ 
tion  of  molecular  or  atomic  particles.  In  the  case  cf  clcctrodcposition,  one  of  the 
molecular- forming  pr  'scs  which  has  found  wide  commercial  applicaticn,  atonis  of 

elements,  or  molecules  c.  compeunds,  are  deposited  on  a  conducting  surface  by  dis- 
~h?rgc  of  ions  which  arrive  at  the  surface  through  a  liquid  medium. 

Another  of  these  molecular- forming  processes  is  vacuum  metallizing,  a  form  of 
physical  '-apor  deposition.  This  has  also  found  wide  commercial  acceptance.  Here,  the 
medium  is  a  vacuum,  and  the  coatings  are  formed  by*  condensation  of  a  vapor  of  atoms 
or  molecules  of  the  coating  material. 

In  chemical  vapor  deposition  a  solid  product  is  formed,  again  in  molecular  or 
atomic  steps.  The  reaction  of  a  suitable  vapor  compound  Is  made  to  occur  on  a  heated 
surface.  Pyrolytic  carbon  farmed  by  thermal  decomposition  of  hydrocarbons  is  an 
example,  in  some  cases,  the  product  forms  as  a  **snow‘*  from  the  vapor  phase,  for  exam¬ 
ple  in  the  preparation  of  TiC^  pigment  by  the  oxidation  of  TiC!^.  The  chemical  reaction 
used  is  one  in  which  all  of  the  components  of  the  system  except  the  desired  solid  product 
are  volatile  at  the  processing  temperature.  Tabic  1  giaes  examples  of  reactions  used  to 
apply  ceramic  coatings. 

Molecular-forming  processes  have  in  common  the  potential  of  yielding  dense 
deposits  of  controlled  thickness  and  orientation.  Each  has  its  advantages  and  limita¬ 
tions.  However,  when  these  are  analyzed  {sec  Table  2},  chemical  vapor  deposition 
comes  out  quite  woU  by  cempaxison.  A  large  body  of  art  and  some  science  have  been 
accumulated  in  the  past  50  years. 

Chemical  vapor  deposition  is  capable  ot  yielding  the  greatest  variety  of  products  at 
rates  of  deposition  equivalent  to  cr  exceeding  those  of  clcctrodcposition  and  vacuum 
metallizing.  It  has  the  greatest  throwing  power  of  the  three  techniques.  In  view  of  this, 
one  is  compelled  to  ask  the  question,  "Why  then  is  the  process  not  much  more  widely 
used  ?" 

The  fact  that  the  substrate  must  usually  be  heated  is  a  relative  disadvantage.  IIo'w- 
cver,  this  is  no  longer  a  lixnitatiori  in  many  cases  of  current  and  future  interest  where 
the  substrate  will  be  used  at  high  temperatures. 


*Sefc;cscci  arc  lixoi  at  tbc  eml  of  each  Kcika. 


TABLE  !.  TYPICAL  CHEMICAL  VAPOR-DEPOSmON 
REACTIONS  FOR  CERAMIC  COATINGS 


AijCL/gi  +  VHjOfg}  =  Ai,0^(<)  +  6HCI(g> 

Al  T  jCGjfv)  T  4-  oHC»tgi  -r 

aeCI,(g)  -r  H>0(g)  =  aeO{»)  F  ^KCI{g) 

BcCI,(g)  -r  CO,{g)  T  H,(g)  =  BcO{si  +  IHCiig)  T  CO(g) 
MglAg)  F  H^Oig)  =  MgO{s»  +  2HI(g) 

ZrCI.fg)  +  2H,0(g)  =  ZrO^Cs)  +  4HC!(g) 
iYCljIg)  -r  3H,0(g)  =  Y.OjIsI  -r  6!ICI(g) 

>CrOCl,(g)  +  II>0{g)  T  H^ig)  =  Cr,03(si  +  4HC!(g) 
CH4(g)  =  C(s)  +  2H,(g) 

Czlizls)  =  ^C(s)  +  H,/g) 


The  relatively  higher  cost  of  the  feed  compounds  his  hetsn  a  factor  in  the  past  in 
discouraging  the  use  of  chemical  vapor  deposUisn.  However,  the  cost  of  these  mate¬ 
rials  has  dropped .  as  techniques  for  their  production  in  increasisjg  quantity  have  been 
developed. 

The  cost  of  faed  irtatermls  and  the  fact  that  the  substrate  must  be  heated  will 
always  place  some  limit  on  this  technique  and  make  the  use  of  the  other  molccular- 
forminr  oracssses  more  practical  or  economical  in  many  cases.  On  the  other  hand, 
there  arc  areas  in  which  additional  research  and  development  will  make  chemical  vapor 
dcsosiiion  competitive.  Finally,  there  is  an  increasing  demand  for  coatings  and  products 
that  car.  be  obtained  nnly  by  chemical  vapor  deposition.  Our  ability  to  apply  this  tech¬ 
nique  will  most  certainly  increase  with  tl*c  development  of  fiinriamrns.-i!  inf.*,rmaiion. 

Let  us  consider  some  of  the  currnnt  and  anticipated  uscs,  to  determine  where  the 
problems  lie  and  what  bnnrfita  may  be  derived  from  the  development  of  additional  funda¬ 
mental  information  thruugh  research. 

High-  Purity  Metal  Production 

The  production  of  high- purity  metals  is  an  area  in  which  chemical  vapor  deposition 
has  been  very  effective ,  although  with  limited  commercial  impact  until  recently.  New 
all  of  the  high- purity  silicon  going  into  semiconductor  devices  is  prepared  by  this  proc¬ 
ess.  The  effectiveness  of  the  process  stems  from  our  ability  to  purify  easily  the  vola¬ 
tile  feed  matcrmls  used.  The  phase  cliange  from  the  gaseous  to  the  solid  state  during 
deposition  is  in  itself  a  purification  step.  In  the  ease  of  high-purity  chromium,  for 
example,  products  with  only  a  few  parts  p«r  million  of  residual  impurities  can  be 
obtained. 
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Van  Ar!,cl  and  de  Bocr^'^)  in  their  work  with  the  iodide  process,  used  a  hot  fila¬ 
ment  as  a  deposition  surface  for  titanium,  zirconium,  and  other  metals.  This  has  the 
effect  of  avoiding  contact  of  the  product  with  the  container.  Attention  to  the  mechanism 
of  growth  on  the  filament  and  the  crystal  morphology  can  yield  a  product  in  the  form 
of  a  dense  bar  which,  in  the  case  of  metals,  can  be  directly  worked.  However,  there 
IS  limited  interest  in  controlling  the  form  of  the  deposit  to  permit  direct  working,  be¬ 
cause  other  shapes  arc  usually  desired,  often  as  alloys  obtained  by  melting.  {Inciden¬ 
tally,  many  alloys  can  be  formed  by  codeposition  from  mixed  feed  vapors.  } 

More  important  is  the  problem  of  mass  and  heat  transfer.  It  is  difficult  to  get 
efficient  conversion  of  the  feed  material  with  the  limited  surface  area  provided  by  a 
filament  bundle.  A  fluidized  bed  of  seed  particles  can  be  used  to  provide  the  large  area 
required  for  efficient  mass  transfer.  As  discussed  in  the  final  paper,  there  is  much  to 
be  learned  regarding  mass  and  heat  transfer  in  both  filament  bundles  and  fluidized  beds. 

It  is  believed  that  the  production  of  columbium  by  the  hydrogen  reduction  of  colum- 
bium  pcntachloride  in  a  fluidized  bed  cf  seed  particles  will  be  the  first  significant  com 
mercial  applicaticn  of  this  type. 


Coatiog  of  Particlea 


Chemical  vapor  deposition  in  a  fluidized  or  otherwise  agitated  bed  of  nuclear  fuel 
tides  ss  effective  in  proviuii.g  ‘hem  with  fission- product  retentive  coatings  or  reac¬ 
tion  barriers.  Typical  coatings  arc  shown  in  Figures  1  and  2.  Interest  in  this  field  is 
steadily  increasing,  and  the  use  of  coated  fuel  particles  is  already  planned  for  the  cores 
cf  several  nuclear  reactors. 

Here,  efficient  mass  transfer  is  again  a  factor,  but  the  crystal  morphology  is  also 
of  prime  importance.  For  fission- product  retention,  a  fully  dense  coating  is  desirable. 
How  is  this  attainable?  Among  other  factors  influencing  the  ouality  of  the  coating,  there 
is  evidence  that  tbs  effect  cf  partide-to-particle  collision  on  the  nucleation  and  growth 
of  the  coating  is  oenefictal. 

This  effect  of  mechanical  impingement  has  been  observed  at  Battelle  and  in  other 
laboratories  doing  fluidized-bed  coating  work.  Deposits  of  columbium  on  thermocouple 
wdls  partially  exposed  ts  particle  bombardment  era  rough  and  grossly  crystalline  in  the 
unexposed  area,  whereas  the  area  subjected  to  bombardment  is  polished  and  micrccrys- 
ialline.  Several  possible  explanations  can  be  devised.  Because  of  its  importance  in 
fluidized- bed  coating,  the  mechanism  shsuld  be  identified. 


Molecular  Electronics 


One  of  the  most  significant  applications  of  chemical  vapor  deposition  is  in  the  field 
of  molecular  electronics  which  promises  even  further  redaction  in  .size  of  our  electronic 
-'black  boxes".  Here,  epitaxially  grown  semiconductors  and  resistive,  conductive,  and 
insulating  films  are  of  interest.  Here  also,  the  mechanism  of  crystal  nuclcatioi:  and 
growth  is  of  paramount  importance. 


N78S65 

FIGURE  1.  125-.:;  »tr,,  COATED  WITH  PYROLYTIC  CARBON 


N590I6 

FIGURE  2.  125- ^  UO>  COATED  WITH  TUNGSTEN 
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Ou'^stiui.s  *uch  as  the  lollov.'in«  arise:  To  what  extent  does  migration  or  surface- 
adsurl  ed  species  occur  before  incorporation  o:  the  product  alums  into  the  structure? 
Wha;  rrc  the  migrating  species  -  atoms  of  the  final  product,  or  intermediates  in  the 
o*.  ei-ali  deposit. on  reaction"’  V/h.at  s  >»k-  role  of  substrate  surface  cur.d:t:e:;  ?  Increased 
knowledge  in  these  areas  will  certainly  be  of  value  in  stinaulating  progress. 


Refractory  Metal  Coatings 


Chemical  vapor  deposition  is  unique’y  applicable  to  the  formation  of  coatings  of 
the  refractory  metals:  co'.:mbSum,  molybdenum,  tantalu:n,  and  tungsten.  These  cannat 
be  eicetrodeposited  front  aqueous  solution,  and  the  very  high  temperatures  required 
for  their  taporication  makes  the  of  vacuum  metallizing  unattractive.  Tungsten 
c-.-at.r.gs  obtained  by  hydrogen  reduction  of  tungsten  hexafluoride  vapor  at  temperatures 
o!  fr„iis  400  to  600  C  have  shown  considerable  promise  as  liners  for  rocket  nozi'.lcs 
and  siiiitlar  applications- However,  -ac'-kers  have  recenliy  become  disenchanted 
with  the  approach  in  one  instance  because  stresses  set  up  by  difieiential  contraction  of 
the  tungsten  and  the  substrate  on  cooling  from  deposition  temperat-rc  have  .rvariably 
rcsuUcd  in  rupture  of  the  coating. 

In  this  case,  as  in  many  others  involving  vapor-deposited  coalings,  the  stress 
necessary  to  rupture  the  coatings  is  a  fraction  of  the  normal  tensile  strength  of  the  par¬ 
ticular  material  involved.  This  is  explained  by  the  fact  that  most  coatings  of  this  type 
show  grain  growth  radially  from  th"  surface,  with  varying  degrees  c-f  “fit**  between 
urains.  .4t  some  stress  below  the  yield  strength  of  the  material,  a  pseudo-brittle 
fracture  occurs  by  separation  between  weakly  bonded  grains.  Although  it  remains  to  be 
proven,  rejuctici!  of  impurities  to  the  surface  of  adjacent  grains  during  growth  may  be 
a  factor  in  poor  intergranular  strength. 

A  full  understanding  of  the  mcch.inisms  of  crystal  nuclcation  and  growth  and  the 
mechanism  of  impurity  deposition  is  of  obvious  importance  if  this  situation  is  ever  to 
be  altered. 


Corrosioii-Rasistani  Coatings 


.Another  application  of  chemical  vapor  <icposit5''n  of  growing  imnorf.vnce  is  the 
Coating  of  refractory  metals  and  other  materials  for  oxidation  or  corrosion  resistance. 
Chromizing,  aluminizing,  and  siliconizing  h.avc  all  given  useful  diffusion  coatings. 

These  coatings  arc  frequently  applied  fay  «.  pack-cementation  process  of  the  type 
discussed  in  the  fifth  paper.  Here,  the  artirie  to  be  coated  is  peeked  in  powder  of  the 
coaling  m.iterial  plus  an  ammonium  halide,  for  example,  to  form  volatile  halides  of  Iht 
ccatir.g  material.  Although  these  coatings  arc  basically  protective,  failure  by  localized 
defects  has  limited  their  utility.  This  is  an  ev'cn  greater  problem  with  v.aoor-dcDosilcd 
**oycriay**  coatings  where  little  or  no  interdiffusion  with  the  substrate  occurs.  Here,  w- 
must  rely  upon  continuity  of  the  coating,  and  all  that  this  entails  in  terms  of  ialci  granular 
**fit'*  and  intergranular  strength.  Further,  Uic  adheranee  wf  overlay  coatings  often  is 
poor  since  a  diffusion  bond  is  not  formed. 
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Again,  wc  need  a  full  understanding  of  the  crystal  nuclcation  and  growth  involved. 
The  long-term  payoff  will  be  our  ability  to  tailor  these  processes  to  yield  a  more  desir¬ 
able  product. 


Pyrolytic  Carbon 


PyrclyHic  carben  is  by  definition  the  product  of  chemical  vapor  deposition.  Its 
asxisutropy  with  respect  to  thermal  conductivity  has  excited  the  imagination  of  those 
designing  nose  cones,  rocket  nozzles,  and  leading  edges.  Here  is  a  material  —  appar¬ 
ently  made  to  order  —  with  low  thermal  conductivity  perpendicular  to  the  surface  and 
high  thermal  conductivity  parallel  to  the  surface.  Unfortunately,  pyrolytic  carbon  is 
also  anisotropic  with  respect  to  thermal  expansion.  This  leads  to  internal  stress  as  the 
article  is  cooled  below  the  temperature  of  deposition  and  dslamination  can  occur.  V/e 
have  not  encountered  problems  witii  d<>lamination  in  coating  spheroidal  nuclear  fuel 
particles  with  pyrolytic  carbon,  such  as  those  in  Figure  1.  However,  it  is  a  distinct 
problem  with  irregular  shapes. 

Because  of  widespread  interest  in  pyrolytic  carbon  and  intensive  support,  much 
work  of  a  ftmdamcntal  nature  ha.s  been  done  on  this  process.  Howrever,  there  is  still 
much  to  learn. 

In  some  cases,  carbon  deposition  occurs  where  it  is  not  desired.  This  is  very 
troublesome  in  preparing  metal  coatings  by  thermal  decomposition  of  metal-organic 
compounds.  A  better  luidcrstanding  of  the  mechanism  of  carbon  codcposition  should 
help  in  the  eliminaticn  of  this  oifficulty. 


Refractory  Carbides 


Another  useful  aspect  cf  chemical  vapor-deposition  processes  is  the  ability  to 
control  what  goes  on  in  the  solid  phase  by  proper  attention  to  the  thermodynamic  acti¬ 
vity  of  components  of  the  vapor  phase.  This  principle  has  been  used  tt  BattcUe  to 
facilitate  the  coating  of  graphite  tubes  with  carbides  of  colurabium,  tantaitun,  and 
zirconium.  (5)  R  was  possible  to  apply  uniform  r<ir»mgs  to  the  insida  wall  of  tubes 
having  length-to-bore-diametcr  ratios  of  up  to  4>C. 

Now,  the  carbides  themselves  can  be  obtained  by  conventionai  chemical  vapor- 
depositioR  procedures,  such  as  (!)  depdsition  of  a  metal  to  be  later  int  -  ''ffused  with 
the  carbon,  or  (Z)  simultaneously  feeding  a  metal  compound  and  a  hydrocarbon.  How¬ 
ever,  if  these  wore  applied  to  tube  coating,  nonuniform  deposition  would  result,  with 
the  coating  being  thicker  at  the  vapor  entrance  end  of  the  tube. 

The  principle  of  the  improved  method  can  be  understood  by  reference  to  Figure  3. 
This  example  show.s  the  effect  of  pressure  at  a  given  temperature  on  the  thermal  decom¬ 
position  of  a  columbi^un  pentahalidc  vapor.  At  low  pressures,  the  v-ate  of  collision  of 
CbXe  molecules  with  the  surface  is  insufficient  to  offset  evaporation  of  the  metal,  and 
a  net  loss  of  "chewing"  occurs.  As  the  pressure  is  raised,  a  null  point  is  reached, 
followed  by  a  region  in  which  a  deposit  of  cvlumbium  builds  up  on  the  heated  s:trtace.  1! 
only  the  reaction  CbXefg)— Cb(s)  5X(g)  v-'ere  involved,  increase  of  the  halide  pressure 


riGUP.E  EFFECT  OF  ILALIDE  PRESSURE  ON  DEPOSITION  EFFICIENCY 
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would  asymptotically  decroaso  the  fraction  of  the  halide  decomposed  to  /.ero.  However, 
if,  as  in  this  case,  lower  valent  gaseous  halides  are  stable,  a  second  null  point  is 
reached,  and  chewing  reactions  such  as 

CbX5(g)  +  3./5  C.h(s)  _  CbX.i(g) 


or 


3/5  CbX5(g)  +  2/5  Cb(s)  —  CbX3(g) 

occur  as  the  pressure  is  increased  further.  We  have  termed  this  null  point  a  "limiting 
pressure  fur  metal  deposition".  The  same  situation  holds  for  reaction  of  carbon  with  the 
halide  to  form  columblum  carbide,  except  that  the  limiting  pressure  for  carbide  depo¬ 
sition  is  higher.  In  fact,  it  can  be  shown  thermodynamically  for  the  simplest  case  that, 
if  the  equilibrium  vapor  phase  contains  only  one  lower  valent  halide  and  monatomic 
halogen,  the  limiting  pressures  for  metal  and  caibide  deposition  are  related  by  the 
equation: 


log -  = - , 

*  (n-l)  2.303  RT 

where 


^MC  *  Limiting  presaurv,  for  carbide  formation 
Pj^  =  Limiting  pressure  for  metal  formation 
AFmc  *  Free  energy  of  formation  of  the  carbide  MC 
T  =  Temperature,  K 

R  =  Gas  constant 

n  s  Number  of  halogen  alums  per  atom  of  metal  in  the  lower 

halide. 

Practically,  one  determines  the  limiting  pressure  experimentally  to  give  data  of 
the  type  shown  in  Figure  4,  and  then  operates  in  a  pressure-temperature  range  where 
only  the  metal  carbide  can  form.  If  the  temperature  is  appropriately  chosen,  and  the 
vapor- flow  rate  is  sufficiently  high,  the  rate  of  carbide  formation  can  then  be  con¬ 
trolled,  not  by  the  vapor-phase  mass-transport  mechanisms  involved  in  many  chemical 
vapor- deposition  processes,  but  by  the  rate  of  diffusion  of  carbon  through  the  carbide 
coating.  This  results  in  a  uniform  coating,  such  as  shown  in  Figure  5,  along  the  entire 
length  of  the  tube. 

As  an  alternative  to  the  pressure  control  described  here,  hydrogen  reduction  oi 
the  halide  can  be  carried  out  at  atmospheric  pressure,  and  the  thermodynamic  activity 
of  columbium  in  the  vapor  phase  can  be  adjusted  by  the  hydrogen /hydrogen-halide  ratio 
in  the  feed  vapor. 

Further  knowledge  of  the  vaprr  species  Involved  would  greatly  increase  the  appli¬ 
cability  of  this  principle. 


Carbon  Temperature,  ®C 


FIGURE 


20-MiL  CbC  COATING  ON  ATJ  GRAPHITE 


Other  Potential  Applications 


So  much  for  the  applications  of  chemical  vapor  deposition  udtich  arc  or  soon  will 
be  commercial  realities.  Consider  briefly  the  areas  of  future  promise. 

One  of  the  intriguinj'  applications  is  in  the  formation  of  composite  materials. 

These  can  be  formed  as  a  dispersed  second  phase  codeposited  in  a  matrix,  or  by  con¬ 
solidation  of  powders  of  one  material  coated  with  another.  In  Figure  6  are  compared 
a  cermet  made  by  pressure  bonding  mixed  metal  and  ceramic  powders  and  one  pre¬ 
pared  from  the  same  ceramic  particles,  metal-coatcd  by  chemical  vapor  deposition  in 
a  fluidized  bed  of  the  particles. 

In  directly  forming  a  massive  two-phase  drpor'*  it  should  he  possible,  for  many 
combinations  of  materials,  to  codeposit  the  sccoi  u  phase  in  a  much  finer  dispersion 
than  IS  obtained  by  normal  ceramic  tccliniqucs.  For  example,  the  alumina  coatings  wc 
have  prepared  by  hydrolysis  of  aluminum  chloride  vapor  at  1000  C  appear  to  be  com¬ 
posed  of  microcrystallinc  a-alumina  in  a  glassy  matrix.  They  have  the  hardness  and 
acr.sity  of  sapphire.  Figure  ?  shows  alumina  coatca  particles  of  this  type. 

.^sd  now  let  us  consider  a  somewhat  more  "blue-sky"  example.  What  could  be 
done  if  we  really  knew  all  there  is  to  know  about  crystal  nuclcation  and  growth  in  chemi¬ 
cal  vapor  deposition?  1  am  convinced  thet  wc  could  devise  methods  of  controlling  grain 
orientation  and  size  in  such  a  way  as  to  vapor  form  tungsten  directly  into  large  shapes 
having  grain  structure  and  properties  similar  to  those  of  wrought  tungsten. 
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b.  Mixed  Metal- CerAinic  Powders 
FIGURE  6.  PRESSURE- BONDED  CERMETS 


Summary 

In  summary,  l«5t  me  briefly  review  the  areas  in  which  f«ni?a»nental  research 
would  be  of  \‘aluc. 

(I;  Mechanisms  ox  crystal  nuclcation 

(Z)  Mechanisms  of  grain  growth 

{3}  Mechanisms  of  ::::purity  deposition 

{4/  The  effect  of  mechanical  impingement  o’. ring  deposition 

fS)  Mechanism  of  carbon  (or  oxygen)  contamination  in  metal-organic 
or  carbonyl  decomposition 

(6)  Mass  and  heat  transfer  in  systems  of  various  configuration. 


These  arc  the  areas  in  which  fundamental  research  will  lead  to  the  solution  of 
present  problems  and  to  new  and  profitable  applications  of  chemical  vapor  deposition 
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THE  GROWTH  OF  CRYSTALLINE  FILMS  AND 
LAYERS  BY  CHENttCAL  VAPOR  DSPOSITIOH 


by 


E.  M.  Sherwood  snd  R.  C.  Hitnes 


I 


Introduction 


Mun  has  long  been  fascinated  by  matter  in  the  crystalline  slate  but  only  in  recent 
decades  has  he  begun  to  understand  something  of  the  true  nature  of  the  laws  and  forces 
governing  its  formation.  A»>  early  crystallographcr  described  crystalline  form  as  ''the 
CKtcrnal  manifestation  of  internal  order”.  The  discovery  of  X-rays  and  the  develop¬ 
ment  of  X-ray  diffraction  technique  provided  further  convincing  evidence  of  this  internal 
order.  Modem  atomic  and  colid-state  physics,  together  with  the  tools  wf  spectroscopy, 
electron  and  neutron  diffraction,  electron  microscopy,  and  special  physical-  and 
mechanical-property  measurements,  have  added  further  impetus  to  the  rapid  growth  of 
the  body  of  knowledge  concerning  crystalline  matter.  V/hilc  adequate  means  of 
evaluating  the  characteristics  of  crystalline  materials  thus  are  well  known,  less  is 
known  about  such  fundatsiental  phenomena  as  the  nucleation  and  growth  of  these  still 
fascinating  structures. 

It  is  the  purpose  of  this  presentation  first  to  describe  briefly  the  rote  played  by 
chemical  vapor  deposition  in  preparing  high-purity  material  in  a  well-ordered  state. 
Next,  1  5!>atl  present  some  illustrations  of  work  in  this  field.  Then  a  discussion  will 
be  given  which,  it  is  hoped,  wiU  indicate  the  potential  of  chemical  vapor  deposition  as 
a  means  of  arriving  at  a  better  understanding  of  matters  such  as  now  crystal  gt^wth 
begins  and  hew  it  may  be  controlled.  Finally,  I  shall  suggest  goals  in  this  area  which 
may  be  reached  as  a  result  of  new  knowledge  developed  when  we  know  more  about  the 
fundamental  aspects  of  chemical  vapor  deposition  processes. 


Bulk  Deposits 


The  ordered  nature  of  massive  mstal  laid  down  by  chemical  vapor  deposition  is 
manifest  in  the  very  name  applied  to  sveh  deposits  formed  on  hot  wires,  i.  e.  ,  "crystal 
bar".  Figure  1  shows  a  short  section  of  a  S/d-icch-diameter  titanium  crystal  bar  that 
exhibits  large  grain  structure.  These  deposits  often  are  laid  down  at  temperatures 
sufficiently  elevated  to  permit  the  growdx  of  large  crystals  which  may  cover  the  whole 
cross  section  of  the  bar.  Ic  Figure  2,  a  portion  of  a  1/4-inch-diamcter  titanium 
-rystal  bar,  formed  at  a  tempiirature  very  close  to  the  melting  point,  is  shown,  on  the 
external  surface  of  which  only  three  major  grain  boundaries  appear. 

One  mctallographic  technique  often  used  to  develop  infomration  regarding  the 
crientatiou  and  crystalline  perfection  of  individual  grains  in  a  crystalline  ir-aterial  is 
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FIGURE 


FIGURE  2. 


1.  SECTION  OF  3/4-INCH-DIAMETER  TITANIUM  CRYSTAL  BAR 
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SECTION  OF  1  /4-INr.H-DlAMETER  TITANIUM  CRYSTAL  BAR 
DEPOSITED  AT  A  TEMPERATURE  NEAR  THE  MELTING  POINT 
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FIGURE  3.  GROV/iii  STRUCTURE  ON  CRYSTAL  BAR  OF  FIGURE  I 
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uiat  of  deep  etching  to  form  '.vhat  arc  called  etch  pits.  Chemical  vapor-deposition 
techniques  have  been  used  in  several  ways  to  provide  similar  information.  For  example, 
etch  pits  have  been  formed  an  geriiiaoiem  single  crystals  by  attack  witli  iodine  vapor. 
Inversely,  the  growth  habits  of  metal  crystals  formed  by  chemical  vapor  deposition  can 
be  studied.  Figure  3  shows  a  portion  cf  oi.e  grain  of  the  crystal  bar  of  Figure  1  at 
higher  magniHcation  and  indicates  a  growth  habit  that  is  quite  different  from  those  of 
its  neighbors.  The  study  of  such  structures  should  be  particularly  rewarding. 

Under  some  conditions,  crystals  with  several  well-developed  faces  may  result, 
as  is  illustrated  by  the  iodide  chromium  deposit  of  Figure  4.  Such  metal  contains  less 
than  10  ppm  of  any  single  metallic  impurity.  On  close  inspection,  groevth  steps  can  be 
discerned  on  two  of  the  faces  of  the  crystal  shown  in  Figure  4.  We  shall  have  more  to 
say  about  these  later.  The  growth  habit  of  rapidly  deposited  GaAs  is  shown  in  Figure  5. 
.Another  chromium  crystal  is  seen  in  Figure  6.  Here  the  growth  steps  are  quite  well 
developed.  l.,et  us  new  look  at  such  a  crystal  at  a  higher  magnification  (Figure  7}  in 
w-hich  the  ordered  nature  of  the  growth  pattern  is  even  more  apparent. 

Figur«>  7  also  illustrates  how  crystals  can  be  used  to  study  the  mt-'".  cf  deforma¬ 
tion  of  high-purity  metals  when  subjected  to  external  forces.  Striations  which  run  in  a 
different  direction  than  dc  the  growth  steps  can  be  discerned.  These  arc  slip  lines 
which  were  developed  when  this  chromium  crystal  was  subjected  to  compressive  forces. 
The  final  illustration  in  this  scries.  Figure  8,  is  an  electron  micrograph  of  a  deformed 
chromium  crystal  depicting  both  growth  steps  and  slip  lines.  Of  further  interest  arc 
the  numerous  small  nodules  everywhere  present  on  the  surface  shown  in  Figure  8. 

Their  true  nature  is  net  known  altliough  it  is  postulated  that  they  could  be  minute  oxide 
crystals.  The  growth  features  illustrated  above  all  arc  of  a  "macro*’  nature.  A  discus¬ 
sion  of  atuinic-scaic  growth  steps  is  presented  in  the  third  paper  of  this  scries. 

For  some  materials,  <nany  small  crystals  form  which  grow  more  or  less 
independently,  thus  yielding  a  loosely  knit  body  of  poor  mechanical  strength.  An 
example  of  ihts  is  thorium  crystal  bar,  a  cross  section  of  which  is  shown  in  Figure  9. 

While  we  know  in  a  general  way  some  o£  the  r**>sons  why  these  massive  deposits 
form  as  they  do,  we  do  not  know  how  to  control  or  to  modify  them  to  any  great  extent. 

It  is  hoped  that  future  fundamental  research  will  supply  much  of  this  missing  information 
and,  hcncc,  enable  as  to  provide  new  forms  of  these  and  other  materials  potentially 
useful  in,  as  yet  unspecified,  industrial  applicatiun^. 


Thin-Film  Deposits  and  Epitaxial  Growth 


In  recent  years,  workers  in  the  field  of  electronics  tcchnoiegy  have  devoted  much 
effort  tourard  miniaturization  of  devices  and  components.  An  important  concept  thus 
developed  is  that  of  multilayer  solid-state  circuits.  In  such  circuits,  thin  films  of 
appropriate  materials  arc  successively  deposited  one  over  the  other  through  special 
masks  to  form  a  composite  structure  containing  resistors,  inductors,  capacitors,  in¬ 
sulators,  heaters,  and  the  conductors  required  tc  properly  connect  these  components. 
Figure  10  illustrates  schematically  one  ot  a  numn»-r  of  ways  in  which  a  muililaycr , 


25X  KS4534 

FIGOKE  6.  LIGHT  KflCROGRAPlI 
OF  {  U 1}  FACE  OF  A  STRAINEO 
IODIDE-CHROMIUM  CRYSTAL 
SHOWING  GROWTH  STEPS 
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FIGURE  7.  LIC-HT  MICROGRAPH  SHOWING 
SURFACE  OF  (!!!)  FACE  OF  A  MECHANI¬ 
CALLY  STRAINED  IODIDE  CHROMIUM 
CRYSTAL 
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thir.-film  elcclronic  circuit  may  be  constructed.  The  circuit  example  shown  in 
Figure  10  contains  only  passive  components.  In  practice,  active  components,  such  as 
transistors  and  photosensors,  would  be  included.  Such  active  components  also  can  be 
lafaricatcd  by  chemical  vapot -deposition  techniques,  Some  of  the  chnUen^Ing 
prouleir.s  we  have  encountered  in  this  area  will  be  mentioned  later. 

The  term  "thin”,  used  in  this  discussion,  refers  to  filnts  ranging  ir.  thickness 
from  10"7  cm  {or  10  angstroms,  a  distance  equal  to  about  twice  the  interatomic  dis¬ 
tance  in  most  solids)  to  10”^  cm  (0.004  inch). 

While  a  number  of  the  desired  thin- film  materials  can  be  deposited  by  vacuum 
evaporation  (actually,  the  process  should  be  described  as  condensation  of  evaporated 
atoms  on  a  substrate)  ,  other  materials  can  be  handled  best  by  chemical  vapor 
deposition. 

before  discussing  the  application  of  chemical  vapor  deposition  to  the  growtli  of 
thi..  films,  consideration  must  be  given  to  an  important  and  sometimes  uncontrollable 
factor  which  must  be  taken  into  account  in  thin-film  technology.  This  factor  itivolves 
the  structure  of  the  substrate  on  which  the  film  is  laid  down  and  how  it  influences  the 
structure  of  the  deposited  film. 

Many  years  ago,  it  was  observed  that  thin  gold  films  deposited  on  «ingJc  crystals 
of  rock  salt  ware  likewise  single  crystals;  also,  polycrystaliinc  ulms  were  formed  on 
poly-crystalline  substrates.  Naturally,  a  name  had  to  be  invented  for  this  phenomenon, 
since  scientists  are  obsessed  by  a  desire  to  carefully  name  any  observable  effect  even 
though  they  do  not  understand  it  very  welL  Thus  arose  the  term  epitaxy(3) ,  which 
refers,  not  to  an  exotic  means  of  transportation,  but  rather  to  an  arrangement  of 
deposited  atoms  an  a  substrate.  Epitaxial  growth  comes  about  as  a  result  of  an  atomic 
interaction  between  the  substrate  and  the  deposit  which,  under  suitable  conditions,  can 
exert  a  directive  influence  on  the  nature  and  orientation  of  the  deposit.  However, 
neither  the  crystal  structure  nor  the  lattice  constant  of  the  deposit  and  the  substrate 
need  be  the  came.  Rather,  epitaxy  is  determined  by  the  relations  between  (1)  the 
geometry  of  the  atomic  arrangement  in  the  exposed  face  of  the  substrate  and  (2)  that  of 
the  atoms  in  the  appropriate  face  of  the  depositing  material. 

.'It  prcscr.t,  most  of  our  knowledge  about  crystalline  thiu  films  is  based  on 
observations  made  on  films  formed  by-  condensatiot'.  The  earliest  observable  stage 
of  gre-wth  is  the  formation  of  discrete  nuclei  when  the  total  amount  of  dsc  deposit,  if 
uniformly  distributed  over  the  depositioa  surface,  is  as  yet  insufficient  to  form  a 
monatomic  layer.  No  direct  evidence  is  available  to  explain  how  this  initial  nuclcation 
occurs.  Better  experimental  technique  is  needed  to  discover  the  details  of  this  proc¬ 
ess.  Ncclci  3s  small  as  10  A  in  diameter,  probably  consisting  of  about  30  atoms,  can 
be  observed  by  electron  microscopy.  After  such  stationary  nuclei  arc  formed  on  the 
s-ubstrate  surface ,  direct  evidence  indicates  that  the  lattice  spacing  is  that  of  Uic  de¬ 
posited  material  in  bulk,  not  that  of  the  substrate.  How-c-.-er,  the  slate  of  strain  existing 
at  the  dcposit-sub.strato  interface  is  unknown  and  may  exert  an  important  influence  on 
the  character  of  the  deposit. 
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Hacirnt  work  with  the  field-e.Trjission  micrcscopc^^-  i.af?  permitted  continuous 
observation  o£  the  adsorption,  migration,  and  aggregation  of  silver  on  tungsten  and 
molybdcnun:,  as  well  as  the  adsor;>tion  and  desorption  of  residual  gases.  Nuclcation 
was  observed  to  occur  much  more  readily  on  areas  af  a  tungsten  single  crystal  con¬ 
taining  many  steps  and  kink  sites,  than  on  relativciy  smooth  crystal  planes.  Even  at 
2fl0  K,  the  condensed  silver  atoms  are  highly  mobile  in  preferred  crystalline 
directions. 

For  a  sufficiently  large  number  of  nuclei,  further  deposition  gives  rise  to  growth 
by  '1)  direct  deposition  on  existing  nuclei,  (2)  an  iaiterchange  of  atoms  between  neigh¬ 
boring  nuclei  in  which  large  nuclei  grow  at  the  expense  of  small  ones,  and  (3)  physical 
growing  together  of  neighboring  deposits.  In  cases  for  which  growth  of  nuclei  normal 
to  the  substrate  is  favored,  quite  large  isolated  crystallites  can  result  as  we  hsve  seen 
in  the  cases  of  some  iodide  metals  illustrated  previcusiy. 

The  practical  applicaticns  of  thin  films  generally  make  use  of  properties  which 
are  structure  sensitive.  Therefore,  careful  control  of  the  structure  is  mandatory. 

A  study  of  nuclcation  under  various  conditions  of  deposition  and  on  substrates  of 
differing  nature  (amorphous,  crystalline,  atomically  rough  or  smooth)  is  essential  to  an 
understanding  of  the  physical  properties  of  films. 

It  seems  probable  from  accumulating  evidence  tliat  the  structure  of  very  tliin 
deposited  films  depends  to  a  ixtent  on  the  mobility  of  the  deposited  particles, 

In  the  -  ast!  of  very  clean  substrates,  such  mobility  is  in  turn  controlled  by  potential 
barriers  due  to  the  atomic  struettire  of  the  substrate  surface. 

Perhaps  the  earliest  example  of  the  formatict*  of  epitaxial  deposits  utilizing  the 
methods  of  chemical  vapor  deposition  was  the  work  reported  by  Koref^^^  in  1922.  He 
showed  that  the  diameter  of  a  single-crystal  tungsten  wire,  made  by  the  Pintsch 
temperature-gradient  process,  could  be  increased  several  times  by  heating  it  at  a 
suitably  high  temperature  in  a  hydrogen.^ tungsten  hcxachlaride  atmosphere.  Not  only 
was  the  Hnished  deposit  a  single  crystal,  but  also  the  initial  cross-sectional  shape  of 
the  wire  was  maintained. 

In  the  past  2  years,  as  a  result  of  considerable  pressure  to  produce  solid-state 
devices  largely  for  military  application,  high-quality  c^rtaxially  grown  films  and  mas¬ 
sive  deposits  have  been  made  using  chemical  vapor  decosition. 

Efforts  in  this  area  have  been  concerned  primarily  with  the  epitaxial  growth^®^  of 
crystals  of  the  Group  IV  elements,  germanium  and  silicon.  As  a  result,  in  die  case  of 
these  two  elements  at  Ic-'i,  reasonably  adequate  understanding  of  some  aspects  of  the 
ovcr-ail  process  has  been  obtained.  Application  Has  been  reported  of  buUi  the  closcd- 
cyclc  van  Arkcl/de  Boer  technique,  with  iodine  as  the  carrier  in  a  disproportionation 
reaction,  and  with  the  continuous- flow  prsccss,  in  which  cither  an  inert  gas  sweeps 
volatilized  halide  compound  oast  the  deposition  surface,  or  in  which  hydrogen, 
employed  in  a  halide- reduction  reaction,  ccrvcc  as  dte  carrier.  "  *’)  For  these 
reactions,  species  present  in  the  vapor  have  been  identified,  and  the  chemical  equilibria 
affecting  the  deposition  process  have  been  studied.  Some  understanding  has  been  ob¬ 
tained  of  the  dependence  of  crystal-growth  rate  and  of  the  character  ol  the  crystalline 
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di-pDdit  on  va ''iaolcs  ijucii  as  relative  and  total  concentrations  of  vapor  species,  tom- 
/M  iatiu  .'S  atiii  temperature  f’radients,  growth  direction  (i.  e.  ,  crystalline  orientation), 
.substrate  type,  and  .substrate  nr  .seed-c ry.stal  condition. 

N'eetl.s  in  this  area  include  bettor  control  of  thickness  and  uniformity  of  deposits 
.!.s  well  a.s  of  the  degree  of  crystalline  perfection.  In  addition,  we  should  knov/  more 
.ib  )ut  .substrate  pi-epa ration  and  pre-treattnenl  and  control  of  electronically  active, 
<i4''’'beralely  introduced  impurities  ("doping"  agents), 

A  study  of  epitaxial  deposits  formed  in  laboratory  investigations  carried  out  at 
it.atelle  indicates  the  presence  of  controlling  factors  whose  exact  role  is  not 
utule  rstood. 

For  illusli atlon,  consider  the  following  examples.  Figure  11  is  a  photomicro- 
grapti  of  a  GaAs  deposit  on  a  mechanically  polished  GaAs  substrate.  The  deposit  is 
olu>.rn  at  an  early  stage,  illustrating  identically  oriented  crystal  plates  grown  from 
scattered  nuclei.  The  apparent  scratche*’  on  the  substrate  were  not  observed  before 
the  rb'posiiaon  was  performed  but  were  developed  in  the  course  of  the  deposition.  Com¬ 
pare  this  with  Figure  12  which  shows  the  geometry  of  a  deposit  laid  down  under  exactly 
similar  conditions  on  a  chemically  etched  GaAs  substrate.  Here  islands  of  substrate 
n  rot  rude  through  the  overgrowth 

Those  of  you  familiar  with  the  III-V  semiconductors  are  aware  of  the  interesting 
«lifferances  between  the  (111)  and  (ill)  faces  of  these  zinc  blende  structures.  Differ¬ 
ences  in  the  chemistry  of  theca  faces  and  in  crystal  growtli  in  the  two  directions  are 
manifest  in  the  nature  of  deposits  on  the  two  faces.  Figure  13  shows  the  rough,  highly 
(:  rient,.d  growth  obtained  on  the  face  terminating  in  gallium.  In  contrast.  Figure  14 
shows  the  smooth,  layered,  monolithic  growth  obtained  under  similar  conditions  on  the 
di  senic  face.  The  opportunity  to  investigate  these  phenomena  and  the  chemical  in¬ 
fluence'-  of  the  substrate  surfaces  upon  the  various  steps  in  the  growth  process  makes 
this  a  very  attractive  area  for  research. 

The  influence  of  impurities  on  epitaxial  deposits  is  another  area  in  which  unrelated 
observation.s  suggest  une-*iplaincd  phenomena  and  possibly  profound  relationships.  Im- 
pujities  have  been  seen  to  exert  directive  influences  on  morphology  of  deposits.  For 
example,  the  shape  of  vapor-grown  ZnS  crystals  can  be  greatly  altered  by  additions  such 
as  copper.  Stabilization  of  the  cubic  phase  at  high  temperatures  by  impurities  has  also 
been  reported.  In  semiconductors,  of  course.  Impurities  are  of  paramount  importance. 
A  few  studies  have  been  made  in  which  particular  attention  has  been  paid  to  the  trans¬ 
port  of  impurities  from  source  materials  to  deposit.  In  some  experiments,  propor¬ 
tionate  transport  was  observed.  In  others,  p-type  deposits  were  grown  from  n-type 
source  material.  These  observations,  though  not  necessarily  contradictory,  do  point 
to  the  need  for  further  investigation.  It  is  significant  that  problems  in  all  of  these  areas 
can  be  related  to  the  mechanisms  of  nucleation  and  crystal  growth,  which  are  them¬ 
selves  yet  to  be  fully  understood. 

In  regard  to  epitaxial  growth  of  crystals  of  elements  (other  than  germanium  and 
silicon)  and  of  compounds,  the  state  of  the  art  is  far  less  advanced.  Some  exploratory 
work  has  been  done  with  potentially  important  binary  compounds  such  as  GaAs  and  CaP. 
using  halogen  transport  similar  to  that  discussed  above.  The  precise  chemical  reac¬ 
tions  occurring  have  not  been  determined  with  certainty  and,  consequently,  adequate 
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!  r.i  .,.1  thf  >jh*»mical  equilibria,  necessary  for  control  of  the  processes,  has 

lot  yet  l>ee*i  <bev»-lopftl.  In  tht-  case  of  compounds,  the  over-all  crystal  {<ruwLl>  process 
;  b  ohviousH  more  complex  than  that  for  elements.  More  species  are  present  in  the 
vapor  system,  and  analysis  and  control  of  vapor  equilibria  and  vapor  transport  will  be 
>no!*e  dilfo'ult.  The  crystal  lormaiiun  step  also  is  more  complex  since  it  involves  the 
i!. corporation  of  two  types  of  atoms  into  the  crystal  lattice.  The  effect  of  crystalline 
o  >-!t-ntation  on  growth  rate  and  product  quality  likewise  may  be  more  pronounced  because 
of  polarity  effects. 

I’he  mechanism  of  epitaxial  growth  of  crystals  of  metallic  elements  by  chemical 
v.ipor  deposition,  which  appears  to  have  received  little  attention  to  date,  may  be  unique. 
Chemical  in  the  solid  is  different  (i.  e.  ,  it  is  metallic)  than  that  in  the  classes 

of  materi.iis  discussed  so  far.  Also,  the  rate  of  migration  of  atoms  on  the  crystal 
.-vurtacc  v.ill  he  dillerent  and  may  proceed  by  a  different  mechanism. 

It  is  important  to  note  that  in  vacuum  evaporation,  conditions  at  the  substrate  may 
‘-■e  far  fiom  those  of  equilibrium,  particularly  when  the  substrate  is  not  heated 
appreciably.  Fur  chemical  vapor  deposition,  in  which  the  substrate  mus..  be  heated, 

>  onditions  much  more  nearly  approaching  those  of  equilibrium  can  prevail,  with  the 
resiili  that  single-crystal  deposits,  grown  epitaxially  by  chemical  vapor  deposition, 
often  rcsomlite  those  of  high  perfection  grown  from  the  melt  by  allowing  material  to 
solidify  on  a  seed  crystal  which  is  slowly  withdrawn  as  freezing  takes  place.  Vacuum- 
aporated,  single-crystal  epitaxial  deposits,  on  the  other  hand,  may  contain  a  greater 
number  of  dislocations  than  do  melt-growii  single  crystals. 

Another  advantageous  fratute  of  the  chemical  vapor-deposition  process  is  its 
active  chemical  nature,  which  in  some  cases  permits  cleanup  of  substrate  surface  im¬ 
purities,  such  as  oxides,  prior  to  deposition. 

Finally,  chemical  vapor-deposition  processing  potentially  affords  a  much  easier 
controlled  introduction  of  duping  agents  than  do  other  methods  of  deposition.  Full 
understanding  and  utilization  of  this  aspect  cf  the  process  should  permit  future  workers 
to  achieve  the  extreme  miniaturization  and  reliability  which  is  the  objective  of  the  truly 
advanced  concept  of  molecu.'ar  electronic  building  blocks  which  can  perform  whole 
circuit  functions. 

Because  of  the  demands  of  solid-state-device  tcch  .•■>logy  for  immediately  useful 
components,  there  has  been  even  less  opportunity  for  a  fundamental  study  of  the  nuclea- 
tion  and  growth  of  epitaxial  deposits  formed  by  chemical  ''r-por  deposition  than  for  that 
accorded  to  vacuum  evaporated  deposits.  As  has  been  pointed  out,  our  knowledge  in 
this  field  leaves  much  to  the  imagination.  Therefore,  a  research  area  with  many  at¬ 
tractive  possibilities  remains  to  be  explored. 


General  Conclusions  and  Goals 


It  is  believed  that  a  more  complete  under slnnding  of  the  fundamental  parameters 
governing  chemical  vapor-depcsition  processes  would  permit  reliable  prediction  of  the 
nature  of  deposits  which  can  be  formed  under  sufficiently  well-controlled  conditions. 
Further,  it  .should  bn  possible  rot  only  to  control  these  reactions  hut  also  to  modify  the 
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character  of  vapor-grown  deposits  without  having  to  accept  "what  comes  natuially”. 
Such  undesirable  results  as  the  tormaticn  of  inassivc  deposits  which  consist  cf  long 
columnar  grains  grown  normal  to  a  deposition  surface  and  which  therefore  exhibit  low 


n  direction  parailci  to  the  deposition  surface  may  be  avoided.  Even 


today  investigations  dealing  with  pyrolytic  enrben  are  in  progress  which  are  aimed  at 


influencing  a  growth  habit  of  this  type  so  as  to  secure  improved  heat-transfer  charac¬ 


teristics  for  important  end  uses. 


I  shall  now  suggest  come  specific  goals  in  the  areas  under  discussion  which  may 
be  reached  if  a  better  understanding  of  chemical  vapor  deposition  processes  can  be 
developed. 

(1)  Preparation  of  large  single  crystals  of  various  useful  materials 

having  selected  orientation  and  containing  a  minimum  of  dislocations 

(d)  Formation  of  massive  deposits  of  polycrystalline  metals,  alloys, 
initrrmctallic  compounds,  and  refractory  compounds  of  nrseta's  in 
a  fully  consolidated  form  and  in  useful  shapes 

(3)  Preparation  cf  substantially  dislacation-frce  epitaxial  thin  Hlms  and 
layers,  of  contrsllcd  composition  and  dimensions,  for  use  in  thin- 
filiii  and  muiccuiar  electronic  applications 

(4)  Ocvclopmcnt  of  new  eiy-iallitic  forms  of  matter  for  use  as  protective 
coatings  or  as  materials  of  construction  in  environments  which  nc 
currently  available  materials  will  tolerate. 
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THE  SCIENCE  OF  V'HISKER  GROWTH 


by 


H.  E.  and  a,  F,  Po’A*ell 


SmAll,  elongated  crystals*  of  xnetals,  nomnctals*  or  compounds*  are  called 
whiskers.  Whiskers  have  been  known  for  several  centuries*  but  modem  interest  in 
them  stems  from  'bout  the  last  decade.  Their  potentially  great  strengths*  ap¬ 
proaching  the  theoretical  limit*  offer  the  greatest  inducement  to  commercial  ei^oita- 
tion.  Interest  in  their  magnetic  and  scmiccndnctor  properties  also  runs  high.  In  the 
preceding  section*  mention  was  made  of  cx/stals  essentially  two  or  three  dimensional 
in  nature.  1  would  like  to  talk  about  the  one-dimensional  aspects  of  crystal  growth 
(specifically  whiskers)*  and  mostly  about  recent  developments  based  on  dislocation 
theory.  Dislocations*  as  you  know*  are  merely  the  result  of  atomic  deviatioas  from 
perfect  periodicity  of  the  crystal  lattice. 

Whiskers  can  be  characterized  to  some  extent  in  terms  of  their  physical  prop¬ 
erties.  They  occur  in  a  variety  of  sizes  and  shapes*  nsrmally  having  disineters  of  1  to 
50  microns*  a:ui  lengths  of  up  to  several  centimeters.  The  essentia!  feature  is*  of 
course*  that  one  dimension  is  large  compared  with  the  others.  In  one  reported  casein, 
iron  whiskers  were  obtained  that  were  ever  80  mm  long  and  1  to  2  mm  in  diameter. 
Whisker  cross  sections  arc  fsitaliy  polygonal*  with  low  index  planes  defining  the  faces. 
They  occur  often  as  single  crystals  v-dth  the  lar.g  atds  parallel  to  a  prontinent  crystal 
direction. 

V<f  htukers  do  not  appear  to  grow  at  a  uniform  rate.  Normally*  there  is  a  delay, 
or  induction  period*  then  a  period  of  rapid  growth,  followed  by  an  abrupt  cessation  cf 
observable  growth^^).  Whiskers  may  be  grown  under  controlled  conditions*  the  most 
frequently  used  mciltods  being: 

(1)  Growth  from  e  soiid^’^l 

(2)  Condensation  of  a  supersaturated  vaporf^) 

(?)  Prccipitaiior.  from  solulicn'®- 

(•i)  Reduction  of  a  metal  halide'"^. 

l!  is  in  this  latter  method  of  producing  whiskers  that  wc  have  the  greatest  interest  here. 
However*  from  the  theoretical  standpoint,  whisker  growth  by  the  other  three  methods 
has  been  treated  most  extensively. 

Tabic  1  presents  a  partial  list  of  metallic  whiskers  grown  from  their  halides  by 
hydrogen  rcUuclioni®).  These  results*  arrived  at  experimentally,  represent  conditions 
that  favor  whisker  growth.  For  example*  copper  whiskers  up  to  50  mm  long  could  be 
grown  fruiii  cuprous  chloride  at  temperatures  between  -130  and  850  C.  The  best  results 
were  obtained  at  650  C-  near  the  middle  of  iHie  temperature  range,  in  other  regions 
of  the  system,  the  growth  of  three-dimensional  particles  or  two-dimensional  layers  may 
be  favored ,  instead  of  whiskers.  The  factors  important  to  one-dimensional  whisker 
growth  arc  as  yet  largely  unkr^iwn. 


23 


TABLE  1.  METALS  GROWN  FROM  THEIR  HALIDES 
BY  HYDROGEN  REDUCTION 


Metal 

Halide 

Temperature 
Range, C 

Maximum 
Length,  mm 

Cu 

CuCl 

CuBr 

Cul 

439-B50 

50 

Ac 

AgCi 

Agl 

700-900 

10 

Fe 

FcCl> 

FcBr^ 

730-76C 

20 

Ni 

NiSr, 

740 

y 

C.n 

CoBry 

6=0 

3 

.“-Mn 

MnCl> 

940 

0.26 

Au 

AuCJ,, 

5=0 

2 

pt 

nci^ 

800 

3 

Pd 

96u 

1C 

The  mschimism  of  'whisker  forniaition  zmxy  be  considered  from  the  st&ndpoint 
of  classical  nuclcation  and  growth  theory,  Consider  a  supersaturated  vapor  at  a  high 
temperature  impinging  on  a  crvstaiiine  region  at  a  lower  temperntere.  The  situation 
may  be  represented  schematically  as  shown  in  Figure  1.  This  figure  shows  the  sur¬ 
face  of  a  rerfect  crystal  at  loir  temperature  with  a  step  in  the  surface  and  a  *Tunk**of 
the  type  marked  A.  These  kinks  piay  an  important  part  fay  acting  as  exchange  sites  in 
the  positioning  of  new  atoms  in  order  to  complete  a  layer. 

As  the  temperature  is  raised,  the  vibrations  of  the  atoms  ■will  become  progres¬ 
sively  stronger,  and  some  atoms  -will  be  abic  to  overcome  the  energy  that  >»inds  uteni 
to  the  crystal.  This  condition  is  portrayed  on  the  right-hand  side  of  Figure  1,  ■where 
wc  see  a  ”rough'’  surface.  Thermal  vibrations  hav.;  produced  a  high  population  of 
states  labelled  B  ,  C  ,  and  D. 

Two  processes  will  occur  simultaneously:  some  atoms  will  leave  the  crystal,  but 
others  will  arrive  at  the  crystal  from  the  vapor.  An  equilibrium  state  is  reached  when 
the  rates  of  these  two  processes  are  cquaL  Growth  of  the  crystal  wiil  be  the  result  of 
three  stages:  t:rst,  n  transpurt  of  atoms  from  d;c  vapor  to  the  adsorbed  layer; 
second,  the  diffusion  of  adsorbed  atoms  toward  the  steps;  and  third,  the  diffusion  of 
adsorbed  atoms  along  the  edge  of  the  steps  toward  a  kink. 


a.  At  low  tcrr.pe: 


b.  At  higher  temperature 


raturc 


FIGURE  1.  CnVSTAl-  SURFACES 

Calculations  by  Burton,  Cabrera,  and  Frank^^^^  show  that  ator.s  uifiuse  con¬ 
siderable  distances  before  evaporating  or  sticking.  Thus  it  follows  that  the  rate  of 
growth  need  not  depend  on  the  direct  arrival  of  atoms  to  any  particular  place  on  a 
crystal  surface  —  stich  as  a  kink.  Rather,  growtli  can  take  place  by  atoms  arriving 
indirectly  at  the  kink  by  way  of  surface  migration.  This  point  assumes  additional  sig¬ 
nificance  when  considering  the  growth  of  whiskers,  and  will  be  mentioned  later. 

Due  to  the  accretion  of  the  atoms,  therefore,  a  straight  step  will  advance,  and  at 
a  rate  proportional  to  the  cupersaturatioa  ratio.  When  the  Step,  or  steps,  on  the  crys¬ 
tal  surface  have  travelled  to  the  edge  of  the  crystal,  the  steps  will  disappear.  Further 
growth  will  then  be  possible  only  if  new  steps  can  be  formed. 

Gibbs^^*)  first  pointed  out  that  a  new  layer  would  nave  to  be  nucleated  for  growth 
to  continue.  Thus  for  a  perfect  crystal,  the  factor  that  limits  the  rate  cf  growth  is  the 
difficulty  of  starting  new  layers,  which  is  a  nuclcation  problem.  The  figure  on  the  left- 
hand  side  of  Figure  £  represents  a  two-dimensional  nucleus.  For  a  given  degree  of 
supersaturation,  there  is  a  critical  radius  of  ute  nucleus,  such  that  for  smaller  radii, 
the  nuclei  will  tend  to  evaporate  and  for  larger  radii ,  the  nuclei  wdll  grow.  The  prob¬ 
ability  th^it  a  nucleus  of  critical  size  will  form  is  very  sensitive  to  supersaturation. 

According  to  the  -’classical’*  tHcory, two-dimensional  nucleation  should  ba  im¬ 
possible  at  low  supersaturations.  Moreover,  a  critical  supersaturation  of  25  to  -50 
per  cent  -would  be  needed  for  an  appreciable  rale  of  formation  of  nuclei.  Yet  gro-*-th 
occurs  readily  under  conditions  of  law  cupersaturatiors.  In  fact,  the  observed  growth 
behavior  is  just  that  w-hich  would  be  expected  if  nucleation  of  island  monolayers  did  not 
occur,  but  steps  were  always  present  on  the  surface. 

F.  C.  Frank^*^  sclvcc  the  prob'e***  of  how  a  surface  can  remain  stepped  no 
matter  how  far  the  step  ad-vances.  Ke  predicted  that  the  growing  crystal  is  not  perfect, 
but  contains  dislocations  similar  to  that  depicted  at  the  right-hand  side  of  Figure  Z. 

Here  a  screw  dislocation  meets  ilte  surface  of  the  crystal  at  right  angles.  As  atoms 
arc  adsorbed  on  the  surface  and  diffuse  to  the  step,  the  step  advances  on  sort  of  a  spiral 
carve.  The  surface  of  the  crysml  becomes  a  helicoid  (or  spiral  ramp)  and  the  step  can 
advance  indefinitely.  Thus,  the  crystal  can  grow  to  any  size  without  the  nucleation  of 
new  layers. 


FIGURE  1.  CRYSTAL  SURFACES  WITH  A  V.OXOl-AYER  NUCLEUS 
AND  A  SCREW  D1SLCX:AT10N  NUCLEUS 

The  theoretical  predictions  by  Frank  were  brilliantly  conlirined  by  subsequent 
experimental  findings.  One  such  example* is  shown  in  Figure  3.  We  sec  the  surface 
of  a  SiC  crystal  with  a  growth  spiral  emanating  from  a  screw  disiocstion.  The  step 
heights  arc  165  A  in  this  particular  case  ef  two-dinicnsionai  growth. 

The  onc-citncnsional  growth  that  characterizes  a  whisker  is  portrayed  schemati- 
caiiyi  in  Figure  4.  The  screw  dislocation  originally  present  on  the  surface  is  seen 
in  She  cutaway  view,  while  the  tip  of  the  wh’sker  still  retains  an  cmergcat  screw  dis¬ 
location  after  growth  has  occurred. 

in  same  cases  a  screw  dislocation  is  not  readily  available  at  the  substrate  surface. 
A  mechanism^  n-hereby  one  can  be  generated  is  show::  in  Figure  5.  An  impurity  atom 
on  the  surface  is  cnguUctl  by  a  growing  layer.  Under  the  conditions  encountered  in  this 
sequence  of  events,  a  screw  dislocation  can  be  foi-'no'’. 

The  success  of  Fr.ank's  screw-dislocation  theory  of  crystal  growth  prvsnpted 
several  theoretical  attempts  to  explain  the  growth  of  metal  whiskers.  Theories  were 
offered  by  Pcach^*^-,  Frank^^J},  Eshclby^^®^,  Franks^  and  Amcliackx^'”*^^  ,  to  zi^itnc 
a  few.  It  has  been  remarked^**^  that  all  these  theories  require: 

(1)  A  dislocation  meeting  Uie  surface  with  a  component  of  its  Burgers 
vector  normal  to  the  surface 

(3)  A  dislocation  mechanism  for  generating  vacancies  at  the  base  uf 


(5|  .4.  driving  force  for  this  transport  mechanise 
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FIGURE  3.  HEXAGONAL  SPIRAL  ON  SiC  CRYSTAL  WITH  A  STEP 
HEIGHT  OF  165  A 
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FIGURE  4.  FORMATION  OF  A  PERFECT  CRYSTAL  WHISKER 
ON  A  SUBSTRATE  FROM  THE  VAPOR 
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Other  than  these  four  points  of  similarity,  the  disiocation  theories  differ  with  regard  to 
the  details.  Figure  7  emphasizes  one  of  the  unresolved  questions  —  that  is,  whether 
whiskers  really  grow  from  their  base  or  their  tip.  It  can  be  seen  that  experimental 
evidence  has  been  obtained  for  both  growth  from  the  base^^^J  and  from  the  cip<^^). 

Peach's  tlicory,  for  example,  postulates  growth  from  the  tip  of  the  whisker. 

Figuri  6  shows  the  dislocation  mechanism  suggested  by  Pcach^*“'.  The  two  vertical 
iines  represent  screw  dislocations  emerging  at  the  surface  at  A  and  A’.  Vacancies 
d.ffusc  down  the  dislocation  lines,  which  is  equivalent  to  s  r.iovement  of  atoms  up  the 
cisiucation  lines.  The  atoms  emerging  at  the  surface  cause  the  surface  steps  to  wind  in 
spirals,  leading  to  the  formation  of  whiskers. 

Another  important  dislocation  mechanism  is  one  that  postulates  the  growth  of 
whiskers  at  the  base.  Examples  of  these  theories  are  those  by  Frank^^^J  or  Eshelbyf^®). 
The  essential  features  of  a  mechanism  for  growth  from  the  base  are  described  and  il¬ 
lustrated  in  Eshclby's  paper.  A  small  hump  on  the  surface  becomes  oxidized,  resulting 
in  a  negative  surface  tension  which  tends  to  pull  out  a  whisker.  A  dislocation  source  is 
situated  on  a  plane  beneath  the  hump  and  gives  out  dislocation  loops  whic’^ 
surface.  Each  loop  adds  a  single  atomic  layer  to  the  length  of  the  whisker,  causing  it 
to  grow  from  the  base. 

Other  disiocation  theories  of  whisker  growth  have  been  advanced.  However,  they 
deal  mainly  with  whiskers  grown  directly  from  the  solid  substrate,  without  participation 
by  other  phases.  Of  more  direct  interest  in  this  presentation  are  those  whiskers  grown 
by  chemical  vaucr  deposition  In  this  case,  we  can  proceed  by  analogy  with  the  theory 
developed  for  whiskers  formed  from  their  vapor.  This  approach  has  been  adopted  by 
Brenner,  and  Scars,  among  others. 

Sc.ars(~'^'  studied  the  growth  mechanism  of  mercury  whiskers  by'  condensation  of 
mercury  vapor  On  a  glass  surface.  The  actual  rate  of  growth  was  about  5000  times 
greater  than  the  calculated  growtli  rate.  The  calculated  growth  rate  was  based  on  the 
hypothesis  that  only  mercury  atoms  striking  the  advancing  -whisker  tip  contribute  to 
axial  growth.  The  discrepancy  between  the  measured  and  calculated  growth  rates 
demonstrates  that  mercury  atoms  striking  elsewhere  arc  contributing  to  axial  growth. 

A  calculation  of  the  surface  nuclcation  rate  required  to  account  for  the  observed 
growth  rate  also  reveals  a  striking  discrepancy  wh<n  r-'-npared  with  the  measured 
nuclcation  rate.  In  terms  of  &c  supci  saturation  ratio,  the  calculated  ratio  was  about 
10*-^  and  the  measured  ratio  about  10^.  This  result  strongly  suggests  that  the  axial 
growth  mechanism  docs  not  involve  nuclcation  of  new  layers. 

-Since  the  axial  growth  rate  cannot  be  accounted  far  oy  homogeneous  two- 
dimensional  nuclcation,  it  is  postulated  that  a  permanent  growth  step  is  exposed  in  the 
advancing  step.  This  is  equivalent  to  the  statement  that  the  whisker  contains  an  axial 
screw  dislocation.  Since  two-dimensional  nucleaticn  aannot  occur  on  the  whisker  faces, 
and  since  atomic  irrpingement  on  the  whisker  tip  is  inadequate,  Sears  pacmlatcs  .inother 
mechanism  for  rapid  axial  growth.  Mercury  atoms  impinge  on  the  sides  oz  Uxc  whiskers, 
arc  adsorbed,  and  migru^c  to  the  advancing  end,  where  they  arc  incorporated  into  the 
crystal  lattice. 
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The  growth  rates  ot'  whiskers  furxeeU  by  reduction  of  ntetal  halides  should  also  be 
explicabio  by  appropriate  modification  of  the  ahoee  mechanism.  However,  there  is  still 
some  question  about  the  details,  in  particular,  two  ijechanisms  were  advanced  to  ex¬ 
plain  the  growth  of  cupper  whiskers  obtained  by  the  hydrogen  reduction  of  cuprous  iodide. 
Brenner*-'  postulated  that  the  reduction  of  cuprous  iodide  to  copper  nrrnrred  in  the 
vapor  phase,  lorming  a  supersaturated  copper  vapor.  5ears»“''  feii  iusicau  iliat  eupruua 
iodide  acted  merely  as  the  carrier  species  in  the  vapor  phase,  and  tliat  the  reduction  of 
cuprous  iodide  by  hydrcgeii  occurred  only  at  the  growtli  step  On  the  tip  of  a  whisker  with 
an  axial  screw  dislocation. 

Brenner's  point  of  view  was  invalidated  by  Morelock  and  Sears(2£)  ^  who  found 
experimentally  that  the  vapor  phase  is  not  highly  supersaturated  in  copper  vapor.  They 
concluded  that  reduction  must  occur  heterogeneously  at  the  tip,  which  is  equivalent  to 
the  assumption  that  reduction  occurs  at  the  step  of  an  axial  screw  dislocation. 

!n  this  brief  review,  no  attempt  has  been  made  to  touch  on  other  interesting  aspects 
of  whiskers,  for  cxjtmplc,  their  strength  t.r.ipertiest^/)^  Rather,  we  have  tri»d  to 
summariac  the  current  status  of  experiment  and  theory  dealing  with  the  nucleation  and 
growth  processes  of  metallic  whiskers,  and  some  of  the  factors  ccntrotlmg  these 
processes. 

It  is  believed  that  only  by  a  careful  quantitative  experimental  study  of  the 
important  factors  governing  whisker  growth,  in  simple  systems  and  under  reproducible 
conditions,  can  further  clarification  of  this  problem  be  achieved,  it  has  been  demon¬ 
strated  dial  whiskers  can  be  gro«>i>  {under  empirically  developed  rules) ,  and  that  some 
of  these  whiskers  have  attractive  properties.  It  is  not  unreasonable  ts  expect  even 
greater  uses  for  whiskers  that  arc  more  perfect,  longer,  and  more  stable  in  ordinary 
ci.vironmeats.  Huch  properties  may  be  attained  more  rapidly,  the  better  our  scientific 
understanding  of  whisker  growth. 
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THE  SCIE^XE  OF  METAL- ORGANIC  DECOMPOSITION 


by 


E.  H.  Hall  and  A-  Levy 


Introduction 


In  the  preceding  sccticn:s,  consideration  has  been  given  to  questions  of  chemical 
vapor  deposition  as  they  relate  to  the  deposited  material,  such  as  its  nature,  its  form, 
and  characteristics.  Let  us  noie  consider  one  of  the  several  available  chemical  systems 
from  which  vapor  deposition  may  be  accomplished,  namely,  metsl-orgamc  decomposition. 


Metal- Organics  as  Plating  Gases 


Several  types  of  metal- organic  comnramds  have  been  used  for  the  deposition  of 
metals  and  are  summarired  below. 


Metal-Bearing  Compound 


(1)  Alkyls 

(2)  Aryls 

(3)  Aralkyls 
{4}  Carbonyls 

(5)  Acetylacetonates 

(6)  Cyclopcntadienyls 

(7)  .Arcncs 


Typical  Example 


Ai(CH3)3 

M8tCfcH5J2 

Si(CiH5)3{C6iV. 

Fe{C0»5 

Co{CH3COCHCCCH3)^ 

Cr(C5H5)2 

Cr(CfeK6)2 


It  should  be  pointed  out  that,  for  the  purpose  of  this  discussion,  we  are  using  a  broad 
definition  of  the  term,  metal-organic,  as  have  many  anthnrs.  We  include  the  aceiyl- 
accionatcs  where  the  metal  is  bonded  to  the  organic  group  through  oxygen  atoms.  Also 
included  are  the  silanes,  although  silicon  is  not  a  true  mctul.  Because  of  the  diverse 
types  cf  compounds  available,  metal-organic  decomposition  is  an  extremely  versatile 
tool  of  chemical  vapor  deposition.  The  various  cemn-  ^nds  availahl*-  cover  a  wide  range 
of  volatility,  stability,  toxicity,  and  ease  of  preparation.  For  example,  if  the  toxicity  of 
the  carbonyls  is  a  serious  objection  for  a  given  application,  an  alkyl  might  be  used.  If 
the  metal  to  be  deposited  does  not  form  an  alkyl,  the  cyclopentadienyl  may  be  available. 
Whatever  the  application,  a  suitable  mctal-organic  compound  can  generally  be  selected. 


In  addition  to  deposition  cf  metals,  it  is  often  desired  to  deposit  oxides.  Work  has 
been  rcporlcd^’^  on  the  voiatUc  aikoxidcs  of  titanium,  zirconium,  hafnium,  and  other 
metals  which  yield  the  metal  oxide  on  pyrolysis.  A  coating  of  SiO^  deposited  on  a  semi¬ 
conductor  surface  from  ethyl-tricthoxy  silane  has  been  reported,  Silicon  dioxide  and 
beryllium  oxide  have  also  been  deposited  from  ctkyl-orthosilicatc  and  beryllium  basic 
acetate,  r.ispcctivcly. 


In  addition  to  the  flexibility  of  their  application,  mctal-organic  compounds  offer 
the  advantage  that,  in  general,  they  can  be  vaporized  and  dccranposed  ai  relatively  low 
temperatures.  Thus,  the  vaporizer,  eensecting  lines,  and  deposition  surface  ran  he 
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operated  ai  a  lower  icmpcraturc  than  when  other  types  of  deposition  systems  arc  used. 
This  is  particularly  important  in  those  eases  where  a  metallic  coating  is  to  be  applied  to 
a  substrate  which  is  itself  •instable  at  high  temperature.  In  these  eases,  metal  deposi¬ 
tion  can  be  accomplished  fram  seme  of  the  carbonyls  near  ambient  temperature. 

On  the  other  hand,  a  severe  limiiaticn  of  utc  niore  general  use  of  metal  ~rganics 
is  the  codeposition  of  impurities,  principally  carbo’i.  The  common  observation  has 
been  that,  while  metal  is  deposited  through  a  primary  reaction,  degradation  of  the 
organic  nroducts  through  secondary  reactions  results  in  contamination  of  the  metal  with 
S*jch  impurities  can  be  very  detrimental  as,  for  example,  in  the  ease  of  the 
preparation  of  thin  films  for  semiconductor  or  superconductor  applications  where  small 
amounts  of  impurities  can  change  the  electrical  properties  drastically.  It  is  clear  that 
this  problem  niust  be  solved  in  order  to  make  full  use  of  this  versatile  method.  The 
solution  of  the  problem  lies  in  the  proper  understanding  of  the  basic  mechanism  by  whici: 
the  carbon  is  deposited  By  learning  the  nature  of  such  side  reactions,  it  becomes  pos¬ 
sible  to  devise  means  of  preventing  them. 


Literature 


In  surveying  the  rcceat  literature,  one  finds  work  divided  roughly  inio  two  catego¬ 
ries.  The  first  is  the  appliou  area  in  which  the  purpose  is  to  develop  a  gas  plating 
process.  Suitable  operating  cenditions  for  producing  a  good  deposit  arc  determined 
empirically.  In  the  second  area,  other  workers  have  studied  the  kinetics  and  mechanism 
of  the  decomposition  of  varicus  n.ctal-Oiganic  compounds.  Evaluation  of  any  metal  de¬ 
posited  was  generally  net  included  in  the  investigation.  In  a  xundamenial  study,  these 
two  approaches  must  be  combined.  The  kinetics  a>td  mechanism  of  both  the  primary 
metal-produring  reaetton  and  the  secondary  reactions  ol  the  organic  pruducls  must  be 
dctemiincd  and  correlated  with  the  observed  nature  of  the  metal  produced. 

In  the  area  of  applied  work,  there  is  a  great  amount  o:  literature  on  deposition 
from  metal  alkyls,  paiUcularly  of  alumintun.  Considerable  art  has  also  been  devel¬ 
oped  in  the  preparation  of  metal  powders  and  metal  coalings  by  carbonyl  decomposition. 
Iron,  nickel,  cobalt,  and  mt^ybdenum  powders  and  coalings  have  been  prepared  in  this 
way  for  use  in  the  preparation  of  resistors,  porous  electrodes,  other  electrical  and  elec¬ 
tronic  aapUcations,  and  other  more  general  uses.  Thin  films  of  cobalt  a.w'  robalt-iron 
alloys  l^ve  been  prepared^'^}  by  deposition  from  die  acctyl-acetonatcs.  Woik  at  Ballcllc 
in  the  applied  field  has  tnciuded  chromium  coating  ci  nuclear  fuel  particles  from  chro¬ 
mium  dicumenc;  BcO  coating  of  uranium  oxide  particles  from  the  acclylaectuoate  and  the 
basic  acetate;  molybdenum  coating  of  iow-allov  steel  for  corrosion  resistance,  ir<»i 
applied  to  the  inside  of  small  bore  stainless  steel  tubing  in  a  nuclear- reactor  applirat*'vu^ 
and  nickel  coating  of  psrcdaxn  insulators,  all  frstn  'bt.  corresponding  carbonyl;  platinum 
from  the  carbonyl  chloride;  and  copper  deposited  on  glass  front  the  acetylacctonste  for 
electrical  conductivity. 

Much  work  on  the  kinetics  and  mechanism  of  the  decomposition  ci  metal  alkyls  has 
been  reported.  t3~9}  i^  the  great  number  cf  eases,  the  rate-determining  step  was  found 
!o  he  the  breaking  o:  a  earnsn-mciai  bend  with  the  formation  nf  a  free  air.yi  radical.  The 
free  radicals  then  react  further  to  ytcid  saiu«ated  hydrocarbons  as  the  orincipal  gaseous 
products.  There  arc  eases,  however,  in  which  the  metal  hydride  and  an  oiefin. 


I 

I  -li 

tvf  dlKyl  ^xuupy  -cirtr  piwiiuccc  on  pyrolysis.  Xi'aiS  r^^Saxlt  is  uvttox  c.v.— 
plaiised  by  a  molecular  r..arrangcmcnl  mechanism  than  by  free- radical  formation. 

!  fable  1  gives  a  lev.  cases  •.llustrating  both  types  of  reaction.  The  first  four  exhibit  frea- 

I  radical  formation  •-vliilc  the  last  six  arc  examples  of  a  molecular  mechanism  in  which  the 


T.^BLE  i.  t)ECO.VlP05mON'  OF  MET.^.L  ALKYLS 


Conipn:md 

T  cmpcralure, 

C 

Deposit 

Proposed 

Mechanism'-' 

Keiercncc 

Germanium  tetraeUiyi 

420-450 

Ge  T  ? 

10 

Silicon  tctracLnyl 

360-600 

— 

FR 

11 

Siiiccn  tetr^methyi 

660-720 

Si  +  C 

— 

12 

Tin  tetramethyi 

430-495 

5n  F  C 

FR  F  MR 

13 

Aluminum  tricthyi 

250 

— 

MR 

s 

Sodium  ethyl 

142 

NaH 

MR 

14 

Magnesium  diethyl 

175 

MgH2 

MR 

15 

Bcrylliunt  di-t- butyl 

2t0 

BcH2 

MR 

16 

Aluminum  tri-i-butvl 

150 

Mo  n-etal 

MR 

17 

.Aliuninum  tri-i- butyl 

250 

Ai 

MR 

17 

(a)  FR  -  Free  !Ud:csl:  MS  -  ^t^ccLl  aciraagecxci 


products  arc  metal  hydride  and  an  olefin.  In  some  cases,  the  metal  hydride  produced 
can  be  decomposed  at  higher  temperatures  to  metal  and  hydrogen.  For  example, 
aluminum  tri-iscbutyl  at  130  C  decomposes  to  di-isobutyl  aluminum  hydride  and 
isAutylcac,  xehiic  .it  250  C,  the  products  arc  aluminum  metal,  isobutylene,  and  hydro¬ 
gen.  It  may  be  seen  in  Table  1  that  those  reactions  where  free  radicals  have  been 
postulated  were  carried  cut  at  distinctly  higher  temperatures  than  those  shewing  molec¬ 
ular  rearrangement.  It  may  be  that  a  free- radical  mechanism  would  become  important 
at  higher  temperatures  for  the  latter  group  as  well.  A  mode  of  molecular  rearrange¬ 
ment  which  explains  the  formation  ot  mct.al  hydride  and  clefin  during  pyrolysis  is  shewn 
below: 

PronQsi^d  Mechanisms  for  Metal  Alkyl  Decomposition 


L  "Kydrogen- Kcsooancc-Bridge-Mni  hnnisto"'  Vriburg  and  Bauc: 


K>  H> 

/\  A 


H2  H> 

A  '''  A 


Ms  ^CH2-^K2C^  Mg 


.CH, 


H  il 


H 


fij 


/ 


Mg 


% 


CIU 


H 


+  W  1 


II.  Krc«*- Radical  Mechanism 

MR„.  I  =  M  +  {a  -  1»  K 


The  simple  free- radical  process  is  also  shourn.  St  will  be  seen  later  in  the 
disrassion  that  similar  mcciianisins  are  postulated  for  the  decomposition  of  some 
orgaaosilanes. 

'.Yhilc  a  considerable  err.ount  a£  n.*erk  has  been  done  on  the  kinetics  and  mechanism 
of  the  primary  decomposition  process,  very  little  has  been  done  to  elucidate  the  second¬ 
ary  processes  which  lead  to  carbon  codepositisn.  It  is  csscniial  tliat  a  full  understanding 
of  such  side  reactions  be  obtained  so  that  means  of  preventing  them  can  be  devised.  As 
an  example,  in  ilie  pyrolysis  of  mercury  dimcthylOS)^  an  oily  film  of  unsaluratcd  hydro¬ 
carbons  was  observed  to  deposit  togetlier  with  droplets  of  mercury  on  the  walls  of  the 
reaction  vessel.  When  hydrogen  was  added  to  the  mercury  dimethyl  before  pyrolysis, 
the  rate  of  reaction  eras  accelerated,  and  no  oily  film  was  deposited  whh  Ihu  mercury 
Wc  may  postulate  that  the  hydrogen  reacts  with  the  methyl  radicals  so  that  they  arc  re- 
moa'cd  from  the  reaction  more  effectively  than  in  the  absence  of  hydrogen.  In  like 
mannci ,  there  may  be  many  other  means  of  minimizing  or  eliminating  codcposition  of 
carbon  or  carbon- containing  compounds  if  the  mechanism  of  the  secondary  processes 
were  accuratclv  known. 


•An  interesting  extension  of  metal  alkyl  decomposition  has  been  recently  reported'-^J 
on  the  formation  of  lead  tclluridc  filtna  by  deposition  from  mixtures  of  tetr.\ethyl  lead 
and  hydrogen  tolluridc.  Films  of  lead  telluridc  were  formed  in  stoichiometric  amounts 
at  a  temperature  at  which  the  tetraethyl  lead  is  normally  stable. 

Another  recent  modification  is  the  use  of  an  electron  beam  to  decompose  some 
mctai  alkyls.  A  system  is  evacuated  then  back-filled  to  about  0.5  micron  with  an 
organomctallic.  The  substrate  to  be  plated  is  sprayed  with  electrons  which  produce  a 
meta!  film  on  the  substrate.  Presumably,  these  films  are  produced  with  the  substrate 
at  a  lower  temperature  than  that  required  for  thermal  decomposition. 

In  the  work  discussed  previously,  the  source  materials  involved  liave  been  more  or 
less  unstable  compounds  which  can  be  dccompofcd  {„.  reduced)  with  relative  case  to 
yield  the  desired  deposit.  In  the  case  of  many  organomctallic  compounds,  the  decompo- 
sitiun  products  may  be  themselves  fairly  complex  organic  molecules  of  differing  degrees 
of  siabiiity.  Such  products  must  be  removed  from  the  deposition  site  to  prevent  con¬ 
tamination.  A  study  of  the  factors  affcoing  the  stability  of  organic  molecules  thus  can 
ac  just  as  useful  in  providing  pertinent  fundamental  Knowledge  as  is  a  study  of  their  in¬ 
stability.  For  the  purposes  of  illustration,  a  description  will  bn  given  of  work  carried 
oat  on  an  Air  bores  ^pocsored  research  program®,  in  order  to  indicate  some  of  the 
techniques  which  could  be  employed  in  an  exploration  of  the  kinetics  and  mechanism  of 
secondary  reactions  leading  to  the  contaminalion  of  deposits  with  carbon. 
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Factors  That  Make  for  a  Stable  Organic  Molecule 


For  a  molecule  to  be  stable,  the  rate  of  decomposition  must  be  low.  Expressed  in 
terms  of  simple  reaction  Kinetics,  thr-  rate  constant  is  given  by 


where  A  is  the  frequency  factor  andAE  is  the  activation  energy.  In  general,  for  an 
organic  .-i.olcculc  to  exhibit  gcau  thermal  stability,  it  will  possess  all  or  some  of  the 
following: 

(1)  Eow  k  (low  A  and  high  AE) 

(3)  Strong  C  -  C  bonds 

(3)  Resonant  bonds 

(4)  Multiple  bands 

(5)  No  hydrogen  bending  or  strong  hydrogen  bonding. 

'•Vith  the  above  criteria  in  mind,  let  us  consider  the  results  of  a  study  of  the  decom¬ 
position  of  tctraphenylsilanc  and  its  folly  hydrogenated  derivative,  letracyclohexylsilans. 

The  kinetic  measurements  arc  made  by  the  scalcd-vial  tcchnimic.  Decompositions 
in  this  program  arc  carried  out  in  tiic  gas  phase  at  pressures  between  i  fZ  and  !  atmos¬ 
phere.  With  this  procedure,  weighed  quantities  ot  sample  (powder  form)  a;e  sealed 
under  v'acuum  and  then  placed  in  the  furnace  for  various  periods  of  time.  The  pyrslised 
sample  is  then  attached  to  the  vacuum  line  and  the  volatile  products  are  traossferred, 
separated,  and  quantitatively  analysed  by  standard  fractional  condensation  techniques. 
These  analyses  arc  accomplished  with  the  aid  of  infrared  and  mass  spectrometric 
analyses  to  initially  identify  the  various  species.  The  less  volatile  components  of  the 
reactions,  namely,  those  which  cannot  be  distilled  eut  under  vacuum  at  room  tempera¬ 
ture,  arc  then  analysed  by  alcvatcc-tcmperaturc  gas  chrcmatographic  techniques  and 
infrared  analysis,  llsing  such  prccedurcs,  one  is  able  to  obtain  the  rate  of  formation  of 
the  principal  products  of  <!>n.omposition,  the  di.ect  rate  of  desonipusiiion  of  the  starting 
material,  and  also  the  influence  of  secondary  or  competing  rea.'.tinns  as  a  function  of  the 
extent  of  reaction. 


riccomposition  of  Tctraphenylsilanc 


The  primary  volatile  reaction  products  of  the  thermal  decomposition  of  tctrapbcnyl- 
silanc  arc  bcnscnc,  smaller  amounts  of  methane  and  hydrogen,  and  traces  of  ethane. 
These  products  are  formed  by  a  first-order  process.  Less  volatile  prsducts  arc:  tri- 
phcnylsilanc  and  bixti  iphenylsilylbenscnc.  In  addition,  a  quantity  cf  polymer  is  formed 
which  has  been  shown  to  contain  th**  silicon  still  bound  to  phenyl  and  other  aromatic 
groups.  In  Figure  1  is  shown  a  sUmdard  first-order  plot  for  the  decomposition  of  tetra- 
phenylsilane  at  four  specific  tcmpetatarcr. 


Ihcsc-  r^-lu  (iaui  were  then  aniilyi^cu  uy  a  atMiid-irtl  Arr'icnius- typ~  plot,  shc.'/n  in 
F’-go-e  2.  One  obtains  an  activation  energy  of  82.  2  kcal/n:oIe.  From  these  combineu 
data,  one  calculates  the  rate  equation  for  the  decomposition  of  tetraphcnylsilanc  which 
is  shown  Figure  2. 

O..  tl...  baaio  ci  thia  rat:  aqaatien  and  by  anplscat'O"  aheoiute  rate  uteury,  one 
can  calculate  an  entrepy  of  activation  for  the  transition  complex  and  the  decomposition 
reaction.  Such  a  calculation  gives  an  entropy  of  activation  equal  to  plus  16.  2  entropy 
uttiis.  The  importance  si  o::lropy  calculations  will  be  disettssed  later. 

Decomposition  of  Tetracyclohcxylsilane  (TCHS) 

In  the  decompositicn  of  tctracyclohexylsilane,  the  primary  product  formed  is 
cyclohcxcne.  Much  less  polymer  is  produced  than  in  the  decomposition  of  tctraphcnyl- 
silane.  Figure  3  shows  several  plots  of  the  first-order  decomposition  of  TCHS  as  a 
function  of  time  and  tcirperature.  In  Figure  4  are  presented  two  Arrhenius  plats  for  the 
decomposition  based  on  the  rate  data  obtained  from  the  direct  decompr.^ition  of  TCKS  and 
from  the  formation  of  the  cyclohcxcne.  As  shewn  here,  the  acUvr.tion  energies  arc  in 
fairly  good  agreement  and  arc  indicative,  of  breaking  a  Si-C  bond.  The  value  agrees 
favorably  will:  tlse  valtiC  of  tks  Si-C  bond  as  given  by  Pauling  (37.  6  kcnl  .*ma:e).  These 
data  lead  to  the  rate  equation  given  in  Figure  4. 

Figure  5  shows  the  influence  cf  substituting  a  cyclohcxyl  group  for  a  phenyl  group 
on  the  silane.  In  this  figure  arc  presented  the  first-order  rate  data  for  the  decomposi¬ 
tion  of  ti)  tct-ephcnylsilane,  (2)  diphfutylcyclohcxylsilane,  (3)  tripJ-cnylcyclohcxylsilanc, 
and  (4}  tctracyclchcxylsUanc,  all  at  476  C.  As  is  quite  apparent,  the  substitution  of  a 
cveiohexyl  group  for  a  phenyl  group  markedly  decreases  staoility  cf  the  phcnylsilanc. 

In  Table  2  arc  listed  kinetic  factors  for  the  decomposition  of  several  organssiJancs 
and  tctraphcnyl  germanes.  It  is  of  interest  to  note  that  the  frequency  and  entropy  factors 
scp.arAte  the  compounds  into  two  distinct  groups,  suggesting  different  mechanisms  of 
decomposition.  Compounds  1,  2,  3,  and  4  have  high-frequency  factors  {i.c.  ,  nigh  Iti  the 
sense  that  !0l3  to  10^4  reciprocal  seconds  may  be  called  normal  according  to  transition- 
state  theory  if  the  entropy  of  activation  is  aero)  and  correspondingly  positive  entropy 
factors.  Compounds  5  an'i  6,  on  the  other  nann.  have  low-frequency  factors  and  cerres- 
pcndingly  negative  entropy  factors.  The  entropy  data  suggest  that  Compounds  1  through 
4  go  through  an  initial  state  to  a  transiticn  state  with  no  special  difficulty  (probably  just 
a  change  from  a  vibrational  degree  of  freedom  in  the  molecule  to  a  translational  degree 
<>f  freedom  in  the  complex),  while  Compounds  3  and  6  lose  entropy  in  parsing  into  a 
transition  state  by  the  fact  tha*  the  activated  complex  takes  on  a  more  complicated 
structure. 
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FIGURE  2.  TEMPERATURE  DEPENDENCY  FOR  THE  DECOMPOSITI<»? 
OF  TETRAPHEm'LSIEAIUS 


TCHSi ,  cc-atm 


nf,  cc-atm 


A)  TCHS 

B)  P2CHS 

C)  P3CHS 

D)  (C6H5)4Si 


k,  min"* 

0.019 

0.012 

0.0046 

0.C0002 


Time,  minutes 


FIGURE  5.  INFLUENCE  OF  THE  SUBSTITUTION  OF  CYCLOHEXYL  GROUPS  FOR 
PHENYL  GROUPS  ON  THE  DECOMPOSITION  OF  THE  SILANE 


i.M’.i.!'.  KlNhM.'C.  rUKo  f  UK  1  rit  LJKUUM  HUMHUiV 

OF  SKVERAI.  ORCANO-SILA?JEiJ  AND 
i'  F  r  K  /V  )-•  H  t;  N  Y  UC j  F  R  M  A  N  E 


F  r«.  quency 

Activation 

F:;  c  i  0 1- 

13ntiOpy  of 

Energy 

Log  A, 

Activation 

('  E), 

-  1 

liOC 

(/  .3),  e.  u. 

Real  /mole 

I  Si(CH3)4 

15.  204 

+  1 1.  7 

78.  8 

II  Si(C^I-r,)4 

16. 53  1 

+  12.  9 

50.  5 

III  SuC3H7)4 

15. 920 

+  10.  3 

46.  0 

IV  Si{C6ll5)4 

17.  204 

+  16.  2 

82.  2 

V  Si(C,,IIji)4 

12  892 

-3.  2 

57.  5 

VI  Ge(C2H5)4 

12.  505 

-5.5 

51.0 

Stated  in  still  another  way,  then,  these  kinetic  data  suggest  that  Compounds  1 
through  4  decompose  by  a  free-radical  process,  while  Compounds  5  and  6  decompose 
by  an  intramolecular  process  in  which  the  intermeidiate  transition  state  takes  on  a  four- 
center*type  bond  structure.  On  the  basis  of  these  data,  therefore,  the  tetraphenylsilane 
probably  decomposes  by  a  mechanism  which  follows  according  to  some  of  the  equations 
given  below; 


^4  Si  -  ^3  Si-  +  4>- 

'jJ*  +  r'^Si  -*  0H  h  SiC^H^* 

,'3  Si-  +  P4  Si  -►  .'3  SiH  +  '/>3  SiC^H4* 

;'^Si’  +  y^Si  -  y^SiC^H^Si^j  +  H" 

v,SiC,H^'  +  t-^Si  -  +  H' 

('  SiC^H  't  >,Si  -  J-  Sir,!'  Si»’  +  *>' 

364  4  3  64  3 

03SiC^H4"  +  '^'3Si  -•  '^'3S’C£,H 45103 
0-  +  ^jSili  -  02Si(H)C.H40 
04  Si  -  02Si(H)C^H4  0 


Best  Available  Copy 


I  !.i-  typo  111 


t,-.  '.viuv  h  thi-  rtniS  «.s  do ooJii posing  is  as  follows: 


l^-l 


li  H 
C— C 

/  H  h\ 
Si— CH  HCH 

\  H  H  / 


n 


c-c 


H 


{C6lIil)iSiH  h  C6H10 


Sn  2H , 


Ai‘;o  riho'.*.  !!  hero  is  tho  lour-cciiler-typc  bond  structure  which  existr.  in  the  transition 
state.  Aithviugli  the*  steps  showt-  appear  quite  straightforward,  and  one  would  assume 
i'l’om  this  that  one  womld  obtain  reasonably  large  quantities  of  silicon,  such  is  not  the 
i-.iso.  Flee  silivoit  is  formed  trom  the  de«  oiriposition  of  TCHS,  but  not  to  the  extent 
sugge.stcd  by  the  above  equations.  For  this  reason,  therefore,  it  is  quite  apparent  that 
there  are  other  reactions  which  may  still  tie  up  some  of  the  silicon. 

As  we  have  ii'dicatod,  the  decomposition  of  tetraphenylsilane  does  not  yield  an 
appreciable  amount  of  free  silicon.  An  infrared  trace  of  the  residue  which  is  formed  in 
the  decomposition  of  tetraphenylsilane  is  shown  in  Figure  6.  The  point  of  principal 
iiitcres:  here  is  the  9.  O-micron  band  and  the  14.  3-micron  bd'nd.  The  9.  0-micron  band 
results  from  silicon -aromatic  bonding  in  which  the  broadening  of  the  peaks  is  due  to 
condensed  rings,  while  the  i4.  3-micron  bund  repx'esents  a  silicon-phenyl  bond.  The  top 
curve  as  noted  here  represents  the  pattern  for  tetraphenysilane  and  the  bottom  curve 
represents  the  pattern  for  tlie  polymer. 

A  recent  Russian^^^^  study  was  made  oi  tho  decomposition  of  several  organo- 
silicon  compound.*?.  This  study'  wa.s  primarily  directed  coward  atf.aining  pure  silicon.  The 
organosilicon  vapor  was  carried  down  a  reaction  tube  maintained  in  a  temperature 
gradient  and  the  deposition  of  metal  was  analyzed  along  the  various  regions  of  the  tube. 
Silanes  such  as  t^tramothyl,  tetri.cthyl,  methylJiothyl,  tricthylphenyl,  allylmethylpheny'l, 
and  several  other  silanes  wore  used.  Iii  no  instance  v/ere  the  authors  able  to  obtain  de¬ 
posits  with  less  than  Z5  per  cent  carbon  in  tlic  silicon  residue.  These  results  are  rather 
consistent  with  the  conclusions  obtained  from  our  infrared  analysis  of  the  polymeric 
residue  obtained  in  our  own  studies.  As  predicted  by  structural  considerations  mentioned 
earlier,  these  compounds  are  all  too  stable  tc  cleanly  yield  free  silicon. 


In  conclusion,  wc  have  seen  that  metal- organic  decempesition  is  a  versatile 
technique  which  can  supplement  and  complement  the  other  approaches  in  the  field  of 
rnemical  vapor  deposition.  It  offers  a  great  deal  of  flexibility  so  that  deposition  systems 
niay  oc  tailored  to  fit  tlie  requirements  of  a  given  problem.  We  have  noted  that  the 
rr^ijesT  cvcsrcossic  ifi  o^^icir  to  zresp  tlsc  co— 

uvuu->:tion  of  carbon.  In  order  to  solve  this  problem,  it  -.vsil  5-;  necessary  to  determine 
the  mechanism  of  the  side  reactions  through  w-hich  the  carbon  is  deposited.  Meatis  may 
then  be  devised  by  which  the:sidc  reaction  may  be  inhibited.  Alternatively,  by  applica- 
siwn  \it  knowledge  concerning  the  effect  of  structural  factors  on  reaction  mechanisms, 
the  -'Cructure  of  the  parent  compe-und  may  be  altered  so  as  to  provide  an  organic  reaction 
product  v.-hich  will  be  less  likely  to  deposit  carbon.  In  addition,  the  general  question  of 
iiuw  tile  iiie’al  s';*-fa<.e  affects  the  various  reactisao  must  be  studied.  In  particular,  in 
the  case  of  the  carbonyls,  the  catalytic  effect  of  freshly  deposited  nsetal  on  the  dispro¬ 
portionation  of  CO  must  be  investigated. 

The  range  of  applications  of  metai- organic  decomposition  has  beim  extensive  — 
from  metallic  coating  of  cloth  and  paper  t&  coating  of  tire  molds  and  airplane  propellers. 
But,  me  future  possibilities  are  even  greater.  Production  of  high-purity  tnetals,  pro¬ 
tective  coatings,  preparation  of  thin  films  of  conductors,  resistors,  and  dielectric  mate¬ 
rials  for  tlie  fabrication  of  new  electrical  and  clcct’-nnic  systems  —  these  and  many  more 
offer  the  challenge  of  the  future.  We  trust  that  the  full  potential  of  metal-organic 
decomposition  will  one  day  be  realized. 
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FUKDAMENTAL  CONSiDEllATiONS  IK  THE  CiiAMICAL 
VAPOR  DEPOSITION  OF  DIFFUSION  COATINGS 

by 

C.  A.  Kricr 


Destruction  of  nietais  due  lo  physical  and  chemical  interaction  with  thevr  environ- 
m-nts  IS  one  oi  the  o’dcst  and,  currently,  one  of  the  more  pressing  problems  of  tech¬ 
nology.  in  the  Unit;d  States  alone  it  has  been  estimated  that  metal  deterioration  cur¬ 
rently  costs  tRc  economy  upward  u:  Sb  bill.on  annually.  Aside  from  this  drairs  on  the 
economy,  it  has  become  important  to  prevent  or  at  least  greatly  retard  metal  deteriora¬ 
tion  in  order  to  meet  the  objectives  cf  our  rapidly  advancing  technology  and  our  growing 
national  needs. 

Metallurgists,  in  collaboration  with  chemists  and  physicists,  have  done  a  co: — 
mendabie  job  ii;  solving  some  of  ihcse  problems  tiirough  alloy  dcvclcpmcnl.  However,  in 
other  cases,  the  problems  have  not  been  amenable  to  solution  by  the  alloying  approach 
because  (1)  the  cost  of  the  developed  alloy  was  too  high;  (2)  .alloying  only  lessened  the 
magnitude  of  the  problem  without  giving  an  adequate  solution;  or  (3)  as  is  the  case  with 
the  rcfraclory-mctal  alloys,  when  adcqus.lt  rc.sistancc  to  deterioration  is  provided  by 
allcving.  the  resultant  materiais  are  unsuimblc  for  the  structural  applications  in  which 
tney  arc  needed. 

As  a  consequence,  composites,  consisting  of  a  structurally  satisfactory  substrate 
and  a  coating,  have  evolved  into  a  position  of  considerable  technical  and  commercial 
prominence.  The  coating  protects  the  substrate  from  dctcrioiating  interaction  with  the 
environment,  and  permits  it  to  fulfill  its  primary  structural  role. 

One  of  the  most  important  types  of  coatings  in  current  and  anticipated  technology 
is  the  diffusion  coating  applied  by  chemical  vapor-deposition  techniques.  This  type  of 
coating  has  found  applicability  in  both  ferrous  and  nonferrous  metallurgy,  and  at  the 
present  time,  it  has  unexcelled  popularity  among  those  faced  with  the  most  difHcuU 
problem  of  providing  reliable  protection  from  oxidation  for  ttmgsten-,  tantalum-, 
molybdenum-,  and  columbium-base  alloys. 

Aluminizing,  boronir.ing,  carburizing,  cliro,,.!...  .:g.  nitriding,  and  siliciding  arc 
familiar  terms  to  those  of  us  concerned  with  protecting  metals  from  their  cnv'ironmcnis 
by  way  of  diffusion  coalings  applied  by  chemical  vapor  deposition,  using  cither  a  purely 
gaseous  or  a  pack  process. 

it  is  of  interest  to  examine  some  of  the  fundamental  factors  involved  in  the  fornna- 
lion  of  these  coating  systems.  Experience  gained  in  this  field  over  the  p?st  15  years  in¬ 
dicates  that  there  are  many  physical,  chemical,  metallurgical,  mechanical,  and  thermo- 
physicai  compatibility  factors  to  be  considered  in  attempting  to  design  a  good  coating 
system  (coating  plus  substrate).  However,  for  purposes  of  this  brief  discussion,  it  will 
be  assumed  that  the  coating  and  substrate  are  compatible  with  each  other  and  that  the 
properly  prepared  composite  is  compatible  with  its  service  environment. 
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Therefore,  ilie  major  topic  uiid<-r  cons5«Icration  is  the  bringing  together  of  the  sub- 
:.trate  and  »*><•  malcr'al  to  b-.-  added  to  the  anbstratc  to  form  the  diffusion  coating  by 
chcri'ical  vapor  deposition. 

for  the  moment  the  phcRomcnoiogit.al  approach  to  analyzing  the  problem 
of  adding  a  single  coating  element,  symbolically  referred  to  as  C,  to  the  surface  of  a 
simple  substrate  consisting  of  a  single  metal  symbolized  by  S.  This  process  involves 

t*ie  folloii.iit;  four  stops  ivntc.i  a,e  m  J",g»,e  I 


ft}  Bring  rssctcr.ts  togcdier 


^2)  Resetien  ot  surface 


(31  Reaovol  of  uniiesirdile  reaction  products 


(4)  Ccntrollcd  interiCffusion 

FIGURE  1.  STEPS  IN  TIIE  FORMATION  OF  DIFFUSION 

COATINGS  BY  CHEMICAL  VAPOR  DEPOSITION 

(1)  Bringing  of  compound  containing  C.  Cj^A,  together  with  the  substrate  S 

(2)  Rcacticn  at  the  surface  of  S  to  liberate  C  from  and  deposit  C  on  S 

(3)  Removal  of  undesirable  reaction  products  from  substrate  surface 

{-»)  Controlled  inlc “diffusion  of  C  and  S  io  form  ii.c  desired  coating  (case) 

The  phcnomcnolcgical  analysis  reaches  its  limit  at  about  tliis  stage ,  and ,  fre¬ 
quently,  considerable  experimental  effort  becomes  expended  on  process  invcstigattcns 
a-hich  often  arc  carried  onl  on  a  ”go  or  no-go"  basis.  This  approach  should  not  be 
slighted  by  any  means,  because  it  sometimes  is  the  only  course  of  action  wu  can  follow, 
due  to  lack  of  fandamenial  information  aiid  the  urgency  for  producing  hardware.  How¬ 
ever,  the  danger  inherent  in  this  course  of  action,  .and  oftentimes  realized,  is  that  the 
effort  produces  neither  the  hardware  nor  the  knowledge  of  how  to  modify  and  control  the 
process  to  produce  the  hardware. 

closer  look  -at  the  o-cr-all  process  raises  iwv  fuisdamcntal  questions: 

(1)  Along  what  rc.tction  p.aths  would  a  proposed  chentical  system  nalur.ally 
travel,  .and  .along  what  paths  could  it  be  made  to  tr.avcl? 
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(-)  Ho*'  :ast  can  the  system  travel  along  llie  various  reaction  paths? 

The  former  question  revolves  around  thcrmod'/namics ,  and  the  latter  involves  chemical 
kinetics. 

thermodynamics  is  concerned  primarily  with  initial  and  final  states  and  not  par¬ 
ticularly  with  the  detailed  mechanism  whereb-/  reaction  occurs;  the  mechcinism  enters 
hea-.-ily  into  the  kinetic  aspect.  Of  interest  in  assessing  the  thermodynamic  feasibility 
applying  a  coating  are  the  volatile  compoundc  avail,  ble  for  carrying  the  coaling  vlv- 
ment  to  the  substrate  and  the  chemical  reactions  which  can  deposit  the  clement.  Classes 
of  compounds  of  interest  have  been  hydrides,  carbonyls,  organometallics,  and  halides. 
Types  of  reactions  encountered  have  been  displacement,  hydrogen  reduction,  and 
thermal  dcccmposition. 

Chromizing  has  been  the  most  thoroughly  investigated  cf  the  vapor-depositiois 
processes,  and  it  is  a  convenient  example  to  use  to  become  a  little  more  specific.  The 
three  reaction  types  for  the  chromizing  ol  Iron,  using  a  chloride  trarisfcr  system,  are 
as  follo'ws: 

(1)  Displacement-  ^‘‘(ailoy)  +  ^  ^*’(alloyi 

(2)  Hydrogen  reduction;  Kjjg-,  +  CrCl2jgj  =  +  ^~{^noy) 

(3)  Thermal  dissociation;  CrCU.^j  =  Cl^jgj  + 

Calculation  of  the  frcc-cncrgy  changes  for  these  reactions  and  the  resultant  equilibrium 
constants  shows  that  the  displacement  and  reduction  reactions  have  good  thermodynamic 
feasibility  and  that  the  thermal  dissociation  reaction  would  not  occur  to  any  appreciable 
extent-  (Chromous  iodide  is  less  stable,  however,  and  could  be  used  for  the  thermal  dis¬ 
sociation  reaction. )  Experimentally  it  has  been  found  that  the  chromizing  o£  iron  can  be 
done  by  cither  the  displacement  or  reduction  methods,  depending  on  the  details  oS  the  ex¬ 
periment.  It  might  also  be  mentioned  that  similar  thermodynamic  considerations  indi¬ 
cate  that  the  chromizing  of  nickel  and  molybdenum  is  not  feasible  by  the  displacement 
reaction.  Where  thermodynamic  data  are  available,  it  can  be  very  profitable  to  investi¬ 
gate  the  feasibility  of  a  reaction  before  proceeding  to  the  laboratory. 

Ti«u  formation  of  diffusion  coatings  by  chentical  vapor  deposition  is  done  using 
flowing  gaseous  or  static  pack  processes.  An  exaintnatioti  of  a  pack  process  is  rather 
interesting  both  from  the  thermodynamic  and  kinetic  viewpoints. 

A  simple  pack  process  involves  imbedding  the  pieces  of  metal  to  be  coated  in  a 
powder  mixture  consisting  of  the  metal  to  be  plated,  an  ’’cnergiser".  and  usually  an 
inert  material  to  prevent  sintering.  The  powder  mixt-ure  in  a  chromizing  pack  might 
consist  of  Cr  and  NH^Cl,  with  as  the  inert  tiller.  .After  the  pack  is  assembled  in  a 

••ont.nincr  called  a  r«»tort  (a  simple  box  which  may  or  may  not  be  sealed),  the  assembly 
is  heated  in  a  iurnacc  to  a  given  temperature,  held  at  temperature  for  a  time,  and  then 
cooled. 

The  action  which  occurs  in  a  pack,  using  the  chromizing  o;  iron  again  as  an  ex¬ 
ample  ,  can  be  viewed  as  consisting  of  several  steps ,  the  exact  chemistry  of  which  h-as 
not  been  documenied  in  compiclc  detail. 


(!) 

“NK4CS(s)  = 

dNHjjg.  4  dIiCl(g, 

/  >\ 
\-/ 

^^'H3(g-.  = 

. !-  zv-c.'.  .  ~ 

t.^uoy  .g, 

•rt-..  ,  4  CrC!  ..  . 

-tgl  -Igl 

{■5) 

CrC!  4  .j  = 

^  (Alley  1) 

(5) 

FcC!„_.  +  = 

^%4.Uoy  1)  ^ 

4H,jgj  +  CrCJ,jgj 

^'(Alloy  >)  ^‘VaIIov  1)  ~  '^'(A.lloy  1)  *  ^*{AlIoy  >) 

The  last  tv.-o  equations ,  v/hich  arc  obtained  by  adding  th<*  preecdissg  five  equations . 
shvw  that  the  over-all  chemistry  is  tbat  of  a  on<-enlral'oi»  cell  in  wider,  ‘-.msfer  can  be 
made  in  both  directions;  and  the  role  of  the  salt  is  to  ’’energize"  the  pack  and  provide  a 
gaseous  transport  path.  In  effect,  a  double  displacement  reaction  is  carried  out,  and  the 
driving  force  is  derived  from  the  difference  in  activities  of  chromium  and  iron  at  differ¬ 
ent  locations.  Initially,  the  activities  of  chromium  and  iron  in  the  powder  are  unity  and 
ro,  respectively.  If  the  system  behaved  ideally,  the  reaction  would  be  expected  to 
stop  when  the  concentraHnn  of  chromium  and  iron  in  the  pack  metal  ps'.vder  (Alloy2)andat 
the  coating  surface  (Alloy  1)  rcachca  SO  atomic  per  cent.  Experimentally,  chromitun 
concentrations  at  the  surface  of  chromized  steel  have  been  found  to  be  between  35  and 
50  per  cent. 

Xow  let  us  turn  our  attention  to  the  kinetics  of  the  pack  chromizing  of  iron  to  gain 
an  insight  into  rate  factors  which  can  enter  into  the  formation  ox  diffusion  coatings  by  way 
of  chemical  vapor  deposition.  The  general  rule  is  tljat  the  rate  of  the  slowest  step  in  the 
sequenUal  process  will  control  the  rate  of  the  process. 

Review  of  the  above  reactions  far  pack  chromizing  shows  that  the  initial  step  is  the 
energizing  of  the  pack  (Reactions  t  and  3).  If  the  vapor  pressure  of  the  energizer  were 
extremely  iow  at  the  experimental  temperature  or  if  the  ihcrmodynamic  stability  were 
very  high  relative  to  thai  of  the  plating  compound,  tver-all  reaction  might  not  even 
got  sf.nrted,  or  might  at  best  proceed  at  an  impraclically  low  rale  due  to  a  low  concen- 
irution  of  the  plating  compound. 

Although  the  thermodynamic  driving  force  or  the  plating  reaction  (Reaction  4)  at  the 
substrate  surface  might  be  high,  this  is  no  guarantee  that  the  rate  of  deposition  w-ill  be 
practical.  In  addition,  the  volatility  of  the  reaction  by-products  (FcCl,.  Reaction  4.  for 
the  example  under  consideration)  must  be  sufficiently  high  that  removal  can  be  easily 
accomplished,  or  they  could  form  a  barrier  to  continued  plating  action.  Removal  of  the 
by-products  can  be  highly  important  from  another  standpoint  also,  namely  that  of  con- 
tamin.ation  of  the  coating  with  subsequent  poor  performance  in  service. 

Tr.msporl  of  gases  to  and  from  the  substrate  involve*  movement  by  way  of  g.ascous 
diffusion  through  the  pack.  Should  the  pack  undergo  appreciable  sintering  cr  be  com- 
p.'icted  too  tightly,  chemical-reaction  rates  could  be  impaired. 
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If  the  supply  of  coating  material  is  adequately  maintained  at  the  surface  of  the 
juboti-atv.  tlie.-i  the  rate  of  growth  of  the  coating  will  be  determined  by  the  rale  of  inter- 
vliffusiun  of  the  coating  and  substrate  elements.  An  exact  estimate  of  the  rate  of  growth 
of  a  ..oating  from  diffusion  coefficients  is  difficult  because,  often,  more  than  one  phase 
IS  present  in  tr.c  coatine .  and  »n  addition,  the  small  quantities  of  impurities  which  may 
be  present  in  commercial  metals  car.  have  a  pronounced  effect  on  difiusion  rates. 

From  diffusion  theory,  coating  thickness  and  time  at  a  given  temperature  can  be 
related  by  the  equation 


X-  =  4  ADt, 


where  X  is  coating  thickness,  A  is  a  constant  involving  the  concentration  of  the  diffusion 
element  at  the  surface,  D  j-  the  diffusion  coefficient  (assumed  to  be  independent  of  con¬ 
centration),  and  t  Is  time.  V/ith  the  known  relationship  between  diffusion  coefficient  and 
temperature,  D  =  D*  the  coating  thickness  can  be  related  simultaneously  to 

both  time  and  temperature: 


This  relationship  is  quite  general  in  its  application .  but  the  constants  arc  unique  for  each 
diffusion  svstem,  and,  therefore,  separate  sets  of  constants  arc  required  for  each  phase 
f'eld  in  the  diffusion  zone. 


Some  of  these  a.spects  of  diffusion  can  be  illustrated  with  results  ot-taiticd  in  the 
chromizing  of  steel.  According  to  diffusion  tlicory.  the  rate  of  transfer  of  a  diffusing 
clement  across  unit  area  of  a  diffusion  interface  is  related  to  the  concentration  gracient 

by 


J  = 


At  normal  chromizing  temperatures,  steel  is  in  the  y  or  austciutic  phase  which  is  facc- 
cen»ered  cubic.  Hew-cver,  when  above  about  13  per  cent  chromium  is  contained  in  the 
steel,  the  structure  changes  to  the  a  or  ferritic  phase  w'hich  is  body-centcred  cubic.  It 
is  known  that  the  diffusion  coefficient  of  chromium  in  the  a-phase  is  about  50  times 
larger  than  that  in  the  Y^ph.^sc.  Therefore,  at  tne  interface  at  13  per  cent  chromium, 
because  instantaneously  luuch  chromium  must  diftusc  inio  this  interface  as  difiuse^ 
out. 
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But  D  >  Dv  and  f  — <  |  —  )  -  In  other  words .  the  chromium  gradient 

*  \cXy^  VdX/y 

will  be  expected  to  be  shallow  in  the  a-?hasc  relative  to  that  in  the  y-phase.  Figure  2. 
shows  that  this  has  been  confi«med  experimentally. 
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FIGURE  2.  CHROMIUM  UPTiXKE  AS  A  FUNCTION  OF  DISTANCE 
FROM  THE  SURFACE  FOR  CHROMIZED  STEELS 


(After  p.  Gaintichc.  as  given  in  Reference  4). 

The  fact  should  not  be  overlooked  that  the  rate-controlling  raschanism  may  change 
during  the  formation  of  a  coating  due  to  the  continuously  changing  chemistry  of  the  sur¬ 
face  layers  and  the  length  of  the  diffusion  path.  Also,  it  should  he  noted  that  the  per¬ 
formance  of  the  cootirg  is  determined  in  large  part  by  the  chemical  concentrations  at 
and  near  the  surface,  and  those  can  be  changed  by  a  change  in  the  rate-controlling 
mechanism.  For  example,  if  the  rate  of  plating  is  the  sluurcst  step  of  tlie  process,  a 
lower  surface  concentration  ajid  a  shallower  gradient  of  the  coated  element  would  be  ex¬ 
pected  than,  if  diffusion  wore  the  rate-contreUii:g  step. 

There  .'ire  many  additional  factors  involved  in  the  formation  and  performance  of 
chemically  vapor-deposited  diffusion  coatings  than  the  thermodynamic  and  kinet:-  as¬ 
pects  briefly  exemphfied  for  the  relatively  simple  case  of  chremiaing  iron.  Personnel 
at  Battclie  have  been  and  continue  to  be  heavily  involved  in  research  on  the  many  prob¬ 
lems  associated  with  the  protection  of  steels,  superalloys,  and  the  refractory  metals  by 
the  use  of  diffusion  coatings  applied  by  chemical  vapor-deposition  techniques. 

One  ot  the  processes  wnich  has  received  much  attention  lu  reces!  ycais  is  the 
siliconizing  of  molybdenum  to  form  a  coating  of  MoSi^  which  is  very  rcsist.-,nt  to  high- 
tcinpcraturc  oxidation,  Today  the  MoSi>-base  •.•y.vting  is  -cry  much  in  the  limelight, 
end  it  has  achieved  comrrcrrjal  stature.  However,  considerable  Otforl  is  currently 
beirg  expended  to  bring  the  seating  system  to  ?  better  dcgrc«*  of  perfection.  Variables 
invisligatcd  in  recent  sludics'^^)  include  purity,  partlvle  size,  ano  mivinw  of  p-sek  con¬ 
stituents;  surface  contamination  and  !>repar.«tion  cf  the  substrate;  and  lime,  temperature, 
.ind  retort  composition  used  for  processing. 

In  the  ccvclupitienl  of  diffusion  costings  for  tantalum-base  alloys?  1-',  two  major 
Subprcblems  have  been  cncnuntrccd.  These  arc:  {!)  selection  of  coaling  compositions 
having  the  {.roper  conipaltniliiy  rcialionsnips  with  the  substrate  and  the  intended  service 
cnviiuii.oonts.  .«r.d  {25  formation  o!  the  desired  coatings  tc  produce  systems  having  high 
rc!i.ibilit'; .  Neither  cf  these  problems  is  simple,  and  frequently  the  empirical  approach 
to  solution  has  been  the  only  ruule  available  due  to  several  factors. 
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The  multiplicity  o£  alloyirg  elements  involved  in  tantalum-  and  coiunibiuni-base 
alloy;,  and  in  soporalloys  and  ihe  frequent  desire  tor  the  chemical  vapor  deposition  of 
;>overai  additional  elements  make  the  problems  quite  complex  from  the  standpoint  of 
carrying  out  rigid  analytical  si.udies.  At  this  stage  cf  relative  infancy  in  the  science  of 
chemical  vapor  deposition  of  diffusion  coatings .  the  chemistry  of  even  the  simplest  sys¬ 
tems  is  not  completely  understood. 


Perforn.a. 

i.^...-Id  suggest, 
preparation  of  c 


ace  of  a  coating  system  in  genera?  cannot  be  divorced  from  preparation, 
is  a  good  deal  more  complex  than  a  "go  or  .no-go"'  operational  procedure 
Much  fundamental  investigation  needs  to  be  done  to  move  the  general 
hemicaliy  vapor-deposited  dufusion  coatings  from  its  present  status  of 


predoniitiantiy  art  to  one  of  science. 


i;.  i;ic  field  of  thermodynamics,  more  reliable  and  more  complete  data  are  needed 
to  predict  reaction  feasibility  and  useful  conversions.  Better  methods  for  predicting 
feasible  reaction  paths  in  multicomponent  sy-stems  would  be  most  useful. 


lucntificaiion  -f  rate-controlling  steps  and  determination  of  how  the  rates  vary  with 
chemical  co.iceiitration.  temperature,  pressure,  and  possible  catalytl.  *fc..ts  arc 
needed.  Diffusion  in  coxiiplex  alloys  and  the  effects  of  minor  additions  and  temperature 
changes  should  be  studied. 


A  sound  collection  of  thermodynamic  and  kinetic  information  would  allow  us  to  as- 
•'-t.ain  the  causer,  {of  -~r.ich  there  could  he  many)  of  apparent  failure  in  systems  v/hich 
did  not  "'go",  and  properly  control  and  perfect  those  systems  which  do  go. 


deposition  and  codeposilion  arc  areas  of  much  needed  research,  and, 
1  believe,  o/much  untapped  fertility.  Figure  3  shows  an  example  of  benefit  derived 
from  multicycle  deposition;  it  also  shows  that  the  order  in  which  the  depositions  are 
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FIGURE  3.  OXIDATION  RESISTANCE  OF  COATED 
HASTELLOY  ALLOY  3  AT  2000  F 

(.After  J.  R.  Schley,  Reference  7). 


.  «rr  <-d  <iut  •  -.1,  have  a  profouisci  cfim.1  o:;  tht  r>aturc  of  the  coating  produced.  Valuable  in- 
p -t  to  this  field  of  tiivei-tigatlor.  should  come  from  a  coiiipreiiensive  collectio'i  of  lliernio- 
d)..aiinc  and  kinetic  information.  .A.!so,  libera!  use  should  be  :i>ade  of  such  research  tools 
as  the  c-lcctroi.-probc  init  roanalyzer,  which  already  has  yielded  much  useful  information. 
This  is  not  an  inexpensive  too!  to  use,  but  it  is  an  indispcnsiblc  tool  for  genuine  scientific 
progress  to  be  made  ii.  the  areas  of  mrlticycle  deposition  and  codepcsition. 

The  role  o!  substrate  geometry  ’n  the  formation  and  performance  af  diffusion  coal- 
ncs  requires  quaiiiiiatic e  awfiiiilion.  itariicuiariy  for  reiaticciy  brittle  coatings.  Fig- 
-s.-i  1  shows  a  type  oi  coating  imperfection  resulting  from  unfavorable  substrate  gcom- 
et.-,  ,  namely  irregular  suiface  finish  and  too  small  a  radius  on  an  edga.  Figure  5  shows 
the  structure  of  tills  same  coating  system  on  a  flat  surface.  Hairline  cracks  CMist,  but 
the  large  V-:^pe  defects  si  own  in  Figure  ?ee  absent.  This  coating  system  is  inher¬ 
ently-  excelieiii.  However^  If  it  is  properly  prepared  it  can  be  devaslatingly  unre¬ 
liable.  .A.  very'  major  faclcr  determining  reliability  is  known  to  be  the  substrate  geom¬ 
etry,  but  a  cuar.titativc  relationship  betw-cen  geometry  and  performance  is  not  yet  known. 

A  large  columnar  grain  structure  generally  is  characteristic  of  va5.or-dcpositcd 
diffusion  co.atings.  Mctallurgically  this  type  of  structure  is  rather  wc_2-..  Gtudics  to 
’clerminu  if  and  iiovj  tlie  grain  structure  could  be  altered  and  controlled  in  diffusion- 
coating  systems  are  very  much  in  order.  Input  to  this  area  from  general  studies  of 
nueleation  anc  grov.-th  mcchanisn-.s  In  chemical  vapor  deposition  should  be  cf  considerable 
\aluc. 

V/e  have  already  Indicated  that  reliability  is  a  major  problem  in  currently  promis¬ 
ing  vaper-deposited  coating  systems.  Detailed  and  methodic  investigation  is  urgently 
needed  to  identify  the  fundamentai  causes  of  premature  localized  failures.  The  roles  of 
dislocations,  vacant  lattice  sites,  interstitial  impurity  atoms,  adsorbed  gases,  sire.sses. 
a-id  mic  rcscopic  geometry  at  the  substrate  surface  in  the  over-all  problem  of  attaining 
high  reliaoility  arc,  at  the  present  time,  only'  subjects  of  speculation. 

In  summ.ary,  we  believe  that  chemically  vapor-deposiled  diffusion  coatings  have  a 
bright  future.  This  area  of  technology  is  based  predominantly  cn  art  rather  than  science 
at  the  present  limc.  There  art  many  problems  requiring  solution.  If  the  science  is 
developed,  we  believe  these  problems  •vill  be  solved,  and  the  tcchnic.al  and  coRtmercial 
potential  of  chemically  vapor-ccposilcc  diffusion  coatings  will  be  realized. 


FIGURE  4,  V-TYPE  DEFECTS  IN  A  BRITTLE  COATING 
RESULTING  FROM  IRREGULAR  SURFACE 
FINISH  AND  TOO  SMALL  A  RADIUS  ON  THE 
EDGE  OF  THE  SUBSTRATE 


FIGURE  5.  STRUCTURE  OF  COATING  ON  A  FJ*A.T  SURFACE 
OF  THE  SYSTEM  SHOWN  IN  FIGURE  4 
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Incrotli’ction 


1  he  first  uiibltshed  wark  demonstrating  the  significance  of  diffusion  processes 
difiiig  ehernical  vapor  deposition  was  a  result  of  investigations  carried  out  at  Sylvania 
Ell  ctric  Produv'is.  In  this  study  it  was  demonstrated  that  the  rate-determining  step 
in  the  de  IV.i:  r  -  Van  Arkel  process  for  iodide  zirconium  was  the  diffusional  transport  of 
gaseous  reactants.  This  was  a  very  important  discovery,  and  is  the  basis  for  most  of 
the  mathematical  treatments  which  follow.  Later  analyses  of  chemical  vapor-deposition 
processes,  particularly  by  German  workerst^).  suggested  three  mechanisms  which  occur 
ir.  three  ditierent  pressure  ranges.  These  are  listed  below: 

(1)  Reaction  rate  is  controlling,  and  diffusion  resistances  are  negligible 
at.  pressures  less  than  I  mm  Hg. 

(*’)  Simple  diffusion  is  controlling  transfer  rates  at  pressure  levels  between 
10  and  760  mm  Hg. 

(3)  Convective  transport  is  the  controlling  factor  at  pressures  greater  than 
1  atm. 

Fortunately,  from  an  applications  standpoint,  the  situation  is  not  so  restrictive  as 
just  outlined,  and  considerable  overlap  of  these  mechanisms  can  be  brought  about  by 
processing  variables.  This  variability  can  provide  improved  control  over  the  process, 
but  makes  data  analysis  more  complicated  and  can  result  in  disappointment  and  failure 
in  attempting  to  apply  the  laboratory  studies  to  a  commercial  venture. 

In  order  to  summarize  the  state  of  the  art,  llic  pertinent  technology  will  first  be 
very  briefly  reviewed  from  the  standpoint  of  surface  deposition  controlled  by  chemical 
reactions.  Then  emphasis  will  be  placed  on  surface  deposition  when  controlled  by  gas- 
phase  diffusion.  No  careful  analysis  of  the  problem  of  natural  convection  during  depo- 
«itinn  has  yet  been  performed,  so  this  item  will  aut  bv.  included  in  this  review. 


Surface  Deiicisition  —  Gas  Kinetics  Controlling 


An  example  of  a  vapor-deposition  process  which  is  controlled  by  simple  reaction 
kinetics  can  be  found  in  some  recent  work  carried  out  for  the  Atomic  Energy  Commis¬ 
sion.  ^3)  The  equipment  used  in  this  study  of  kinetics  is  shown  in  Figure  1.  Hydrocarbon 
vapors  were  passed  up  through  a  shallow  fluidized  bed  of  fuel  particles  having  good  heat- 
aud  iiirtbs-transfer  chaiactcristica.  The  rate  of  carbon  deposition  war  then  studied  as  a 
fw*i.i-tic.n  of  thj  proceasing  variables. 

By  the  use  of  the  relationship  shown  in  Equation  (1),  the  rate  of  carbon  depo¬ 
sition  (W)  was  correlated  v/ith  the  surface  area  of  the  particles  (S)  ,  the  temperature  of 
the  bed  (T),  and  the  partial  pressure  of  the  reactant  hydrocarbon  (Pj): 


FIGURE  L  APPARATUS  FOR  COATING  POWDERS  WITH  CARBON 
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rhc  results  of  this  study  showed  thit  the  rcarticc  orders  itid  activation  energies 
■Acre  the  same  as  for  simple  gas-phase  pyrolysis,  as  sho'A-n  below: 


Constants 


Methane 


Acetvle;-.e 


Activation  energy,  Ej 
Partial-pressure  exponent,  n 
S'arfacc-area  exponent,  a-tl 
Sp-oc--/ic  rate  constant, 


90. 1 
1.30 
1.39 

3,68  X  10^^ 


51.0 
1.45 
0. 92 

2.80x  10^- 


Thus,  the  rarbon-deposition  rate  on  the  surface  of  the  bed  particles  was  controlled  by 
the  rate  of  pyrolysis  c£  the  hydrocarbons  in  the  temperature  ranges  studied,  i.e.,  700  to 
iloo  C.  .At  s  ifficicntiy  high  temperatures,  perhaps  1500  C,  the  kinetics  oi  the  reaction 
is  so  rapid  that  the  controlling  i.':c,.hanism  will  probably  shift  to  one  of  diffusional  centroL 
Under  tlica.  conditions,  there  is  ample  carbon  available  for  deposition,  the  diffusional 
transport  of  hyuiocarbon  to  the  surface  of  the  particles  is  lew  ccn.parcd  -with  the  pyrolysis 
rate.  Diffusion  would  therefore  become  the  rate-limiting  step. 


Surface  Deposition  —  Gas  Diffusion  Controlling 


As  sho*.vn  in  Equation  (Z;,  under  steady- state  conditions,  gas-diffusion  rates  can  be 
correlated  with  an  equation  relating  the  rate  of  deposition  to  the  molecular  weight  of  the 
depositing  species  {M^},  a  mass-transfer  coefucient  (k;,  the  area  to  or  through  which 
diffusion  occurs  (A),  and  a  diffusion  poteiMial  (Ay)  related  to  the  concentration  gradient 
in  the  system^"*^; 


Vf  =  M.^  6y  .  (2) 

In  some  cases,  particularly  in  the  absence  of  cither  natural  or  forced  convection,  this 
equation  can  be  an  exact  solution  of  Fick’s  law,  and  the  various  factors  can  be  determined 
thcsrcticaiiy.  in  other  cases,  generally  for  si£u>i*ons  of  cumplicatcd  geometry  or  flow 
pattern,  the  variotis  factors  must  be  determined  exper:  '•eatrlly  and  the  evaluation  may, 
therefore,  become  semS^mpiriraL  Methods  of  evaluating  the  last  three  factors  in  Equa¬ 
tion  .3},  i.  c.  ,  the  cocfncicnt ,  the  area,  and  the  driving  potential,  -wiLl  now  be  reviewed 
for  various  practical  processing  situations. 


Evaluation  of  Mass-Transfer  Coefficient 


The  relationship  shown  in  Equation  (3)  is  used  in  the  evaluation  of  the  mass-transfer 
coefficient  (k),  for  the  simplest  situation  involving  pire  diffusion,  i.  c.  ,  no  convection, 
across  a  length  (Z)  of  constant  cross  section.  The  mass-transfer  coefflcieiit  in  such  a 
situatinn  Can  be  >.alcula;ed  from  the  diffusion  coefficicat  (O^),  t>rc»su<c  (F),  ca^  constant 
(R),  and  temperature  {T)^^); 


=  O.J>/ZRT  . 


(3) 


This  cquition  has  hscn  extensiircirf  used  fay  Ger-nai  investigators  to  correlate  the  vapor 
lr4xuspor£  of  silicon  fay  its  halides, 

The  t.fKt  aneatinn  shows  that,  for  ideal  fiow  across  a  cylinder  of  specified  diam¬ 
eter.  a  relationship  similar  to  one  c-riginally  developed  by  British  workers  tor  heat 
transfer  can  be  employed(t>»: 


Here  the  length  term  {Z) found  in  the  previous  equation  is  simply  replaced  by  the  pr>  duct 
of  ::  and  the  cylinder  diameter  (d). 

An  investigation  on  the  real  flow  of  titanium  tetraicaide  across  a  heated  cylinder 
was  cairicd  out  in  the  apparatus  shown  in  Figure  2.  The  reactant  vapor  entered  the 
uni!  from  the  left,  and  the  coclficicnts  for  the  average  rate  of  titanium  deposition  were 
correlated  as  a  function  oi  the  prescssiug  variables.  The  appropriate  formula  which 
accounts  for  the  effect  of  the  Reynolds  {NRc)  s^od  Schmidt  (NseJ  Idumbers  cn  the  transfer 
rates  is  shown  in  Equation  (5): 


DP/  fl  / 

k  j-  ® 

In  attempting  to  scalc-up  such  types  of  equipment  to  commercial  prvuuuliun,  it  is 
obvious  that  one  would  like  to  pack  a  large  number  of  filaments  or  tubes  into  a  large 
vessel  and  pass  the  reacting  vapors  continuously  into  and  out  of  the  unit.  A  model  of 
such  a  commercial  unit  is  shown  in  Figure  3.  Transfer  coefficients  were  measured  for 
turbulent  flow  in  this  equipment  under  various  conditions  of  flow  and  seometry.  f^)  The 
expression  reproduced  below  was  shown  to  be  valid  and  was  verified  in  pilot-plant 
operation: 

DvP  /  [.  ^  ^0.63-0.  14  DsT 

k  =  -  —  f  Nc-l  U  f-  0.062  (  Kt,»  »  ! 

dRT  V  1“  \  J 


l.Jfi  ,  ^0.53 

I  "B'^3  )  < 


The  effects  of  the  operating  variables  and  p-oportits  of  the  process  materials 
upun  deposition  rates  can  be  determined  from  this  expression.  Dimensions  of  the  equip¬ 
ment  enter  into  the  cjqircssion  in  a  straightforward  manner  witl.  the  exception  of  buib 
diameter.  Properties  of  the  process  materials  enter  in  a  less  straightforward  but  not 
unduly  complex  manner. 

Thii  then  comnietes  the  summary  sf  all  fcnnwn  published  work  on  the  cvaiuaiivn 
of  :he  transfer  coefficient  for  diffusion  during  chemical  vapor  deposition. 
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nOUHE  2.  CR03S  FLOW  UNIT  VOU  THB  STUDY  OB'  KATES  OF  DEPOSITIO^f 
OF  lOOlDBJ  TITANIUM 


?3 


^.valuation  of  Effective  Area 

1*  £t|uatioii  (3)  £s  ttww  rc~vxaiziitietiy  :1  «.an  be  seen  ibal  the  next  term  to  be  evalu* 
ated  in  predicting  -iepasilion  rates  under  diffusion  “ontrol  is  the  area  term. 

Again  starting  vi-ith  tha  simplest  case,  for  diffusion  at  a  cylindrical  surface  of 
given  radius  (rj)  and  length  (L).  the  relationship  shown  in  Equation  (7)  is  applicable,  this 
simply  being  the  formula  for  the  surface  area  of  the  cylinder: 

A=25lrjL  .  *7/ 

it  the  cylinder  v.-ail  actually  consists  of  a  screen  formed  into  a  cylindrical  tube,  t. 
equation  is  multiplied  by  the  screen  porosity  to  obtain  the  proper  area  term. 

For  diffusion  through  an  annular  section,  it  has  been  demonstrated  that  the  shape 
factor  lor  heat  transfer  is  also  valid  for  deposition  of  zirconium  from  the  tetraisdide, 
as  shown  in  Equation  (8)(*^i: 


ZnL.  (r>-ri) 

A  - - —  . 

In  r2/rj 

Here  the  effect  of  radii  lakes  a  little  more  complicated  form. 


(8) 


If  the  screen  and  the  annular  section  are  in  series  with  the  diffusion  path,  it  has 
been  shewn  that  the  relationship  reproduced  in  Equation  (9)  should  be  employed^®): 


irL  (rj-r;) 
•  ^  1 
sx  ss  -  -  ■  -  ■ 

In  r^/rj  + 


(9J 


The  term  o/r^t  has  now  been  added  to  the  previous  area  formula  to  include  the  effect  of 
the  screen  resistance  to  diffusion. 


Now  reviewing  the  most  complicated  treatment  of  area  evaluation,  i.  c.  ,  when  the 
diffusion  occurs  through  tK<>  scre...n  and  atuiular  section  in  scries  flow  and  the  inner 
radius  of  the  annular  surface  (rj)  changes  appreciably  as  a  result  of  deposition  (from 
rjato  rji).  the  equation  shown  bclcw  has  been  derived  and  is  applicable^  1  ®»: 

aahZ  {r ,  i“  -  rip”) 

^  - _ _ .  (inj 

(r  j , “  -  r  (In  +  o/r^C  h  1  /i)  '1  r  jq—  InrjQ-  Inr^ 

The  effect  of  this  change  i<:  dimensions  during  the  course  of  a  pruuuilioa  run  has 
been  ascertained  f*'T  quite  a  few  practical  process  situailuns.  Cue  such  situation  io  shown 
in  Figure  4.  This  s  a  schematic  drawing  of  a  typical  iodide  refining  cell.  The  tempera¬ 
ture  of  the  deposition  surface  is  higher  that*  ^hat  of  the  crude  feed,  and  as  a  result  of  this 
temperature  gradient,  a  net  transport  of  metal  occurs.  At  the  lew  temperature  the  metal 
feed  is  iodinaled  with  free  iodine.  The  metal  iodide  then  diffuses  to  the  hotter  surface 
and  pure  metal  is  deposited  and  free  iodine  liberated.  The  iodine  then  diffuses  hack  to 
again  react  with  me  feed. 


V  - 
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As  sho'.vn  in  Figure  5,  the  average  rate  is  therefore  not  only  a  function  of  the 
iiiitial  geometry,  but,  since  the  geometry  changes  during  the  run,  as  a  icsult  of  metal 
deposition,  the  rate  of  deposition  is  also  a  function  of  the  amount  of  metal  deposited. 
Here,  the  average  rate  of  deposition  is  shown  as  a  function  of  initial  surface  diameter 
and  the  weight  of  metal  produced.  It  can  be  seen  that  the  average  rate  can  vary  by  a 
factor  of  two  in  just  this  one  type  of  iodide  refining  cell,  simply  due  to  the  change  in  the 
dimensions  of  the  deposition  surface. 

Evaluation  of  Diffusion  Potential 


Keturning  to  Equation  {2},  it  can  be  seen  that  the  driving  potential  is  the  only 
other  factor  which  to  be  evaluated  for  fixing  the  deposition  rate.  Equations  for 

diffusion  potentials  were  established  for  various  types  of  diffusional  processes  many 
years  ago.^'J  The  three  cases  which  are  presented  in  the  next  three  equations  arc 
examples  of  this  work  for  two-component  systems. 


!n  the  ca.se  of  diffusion  through  a  stagnant  film,  a  simple  logarithmic  driving  force 


IS  appiicabit:. 


Ay  =  In 


r.  -  y>) 

a  -  >1) 


{ID 


The  d;;:usi:-.n  rotcr.tial  for  equal-molal  counterdiffusion  is: 

Ay  =  >1  -  >'2-  (i2) 

Here,  the  driving  force  is  simply  the  difference  in  mole  fraction  of  Ihe  diffusing  species 
between  the  surface  and  the  bulk  stream. 

For  noncquimolal  counterdiffusion,  where  the  ratio  of  molar  flow  in  the  two  oppo¬ 
site  directions  is  not  unity,  the  correct  form  of  the  diffusion  potential  is  shown  in 
Equation  {13): 


-  _J —  ir.  1  -  (1  -  x)  (y2) 

1  -  X  i  -  (1  -  :t)  (vi> 

In  this  case,  the  driving  potential  is  not  only  a  loncticn  of  tiie  mole  fraction  of  the  dif- 
fusi  >5  specias ,  but  also  depends  upon  the  ratio  of  the  molar  Sour  to  and  from  the  depo¬ 
sit-on  surface. 

Equilibrium  limitations  on  concentrations  have  been  pointed  cut  by  a  number  of 
invcstig3»ors .  As  shown  in  Eq-oation  (14),  the  mole  fraction  (y)  available  for  driving 
the  diffusion  process  is  generally  lower  than  the  actual  mole  fraction  of  t.*ic  volatile 
metal  compound  (y’ ),  due  to  the  fact  that  the  fractional  equilibrium  corrosion  (S)  can  bo 
appreciably  less  than  unity: 


y  =  E  y*  . 


livj 
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The  nature  of  this  equilibrium  correction  is  generally  ol  complicated  term.  A 
:-  ini'jer  of  yeari  e.go  it  was  found  that  the  apparent  concentration  for  aircoeium  depositior 
tiv-n;  the  iodide  was  of  the  fornt  involving  an  aibitrary  constant  and  the  free  energy  of 
react.on.  t* »)  Recently,  this  concept  has  been  extended  in  a  more  complicated,  serni- 


•AAewx t*>.prc:?£iiuxi  ui  tlic  j^cxiici^x  xoxiii  11/  x«i^xtxC:c  titc 


SJ* 


diiodide  bv  use  of  free  enernicS  f/.Gl  of  reactiom^^i: 


-AG 


1.25  P 


1/4 


AG  -  2AG' 
4RT 


1  - 


{iSj 


Equilibrium  conditions  also  were  thought  to  be  encountered  in  published  work  on 
the  de'.  omjxisition  of  silicon  tetraiodide  to  produce  transistor-grade  silicon. The 
following  equation  shows  hew  llie  fractional  conversion  (c)  was  empirically  related  to  the 
iodide  feed  rite  (F)  and  the  reactor  surface  area  (A): 


leg  F;-A  =  2.  18  -  a/0.  205 


(-6) 


However,  a  reactant  depletion  mechanism  could  perhaps  be  better  satisfied  by  such  a 
relationship.  In  studies  o:.  the  hydrogen  reduction  of  colutnbium  pentachloride  in  a 
fluid.zed  bed,  as  tae  basis  of  a  metallurgical  process  ts  ptuuuce  columbiem  cr  to  coal 
luel  nuclear  fuel  parti.- Ics,  cerrelation  ol  data  according  to  the  linear  relationship  of 
Equation  (17)  has  been  establishedt^**^ 


a  =  1.  474  -  0.  0316  +  0-  0000360  Ry  T  -  0.  001051  T 


(17) 


This  equation  shows  the  fractional  conversion  (a)  as  r.  linear  function  of  temperature  (T) 
and  excess  hydrogen  ra.:io  (Rh)-  Th<t  CMnverBion  was  also  shown  to  be  independent  of 
gas  preheat,  bed  particle  size,  and  bed  height  over  the  range  of  conditions  studied.  This 
type  cf  correlation  suggests  equilibrium  behavior,  but  the  actual  situation  has  not  yci 
bcc.u  satisfactcriiy  clarified. 

Concentration  depletion  by  reaction  is  generally  encountered  in  all  cases,  and  the 
flew  pattern  in  the  reactor  must  be  known  to  evaluate  the  diffusion  potential.  In  the  case 
of  -.'omplele  mixing,  the  solution  is  quite  simple,  as  shov/n  in  Equation  (18): 


Mw^ 


M^F  +  (V-i)  MfW 


(18) 


Th's  type  of  correction  for  reactant  depletion  has  been  used  for  correlation  of  vapor- 
deposition  rates  under  highly  turbulent  conditions  in  flow  syslcins. 


The  effect  of  kinetic  limitations  on  concentraiiuiu-'  has  beer,  demonstrated  in  a  re¬ 
cent  study  nn  th«  hydrogen  reduction  of  molybdenum  pcntachloride  in  a  fiov/  system.  1*^' 
It  was  shown  that  the  deposition  process  was  apparently  diffusion  controlled,  although  it 
was  not  possible  to  identify  the  diffusing  species.  However,  a  number  of  ex]>rcssions 
were  dcrU-ed  to  define  the  potential  gradient  when  chemical- reaction  rate*i  were  not 
negligible  and  included  the  effect  of  reactant  depletion  under  conditions  of  piston  fiow 
through  a  cylindrical  lube. 
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As  an  ozcainpie  of  this  work,  for  conditions  in  v/hich  molybdenum  dichloridc  is  the 
controlling  species,  the  relationship  shown  in  Equation  (19)  is  reproduced: 

-= _ ^ _  L-AkL/’J  _„-kjPL/UR  r'i  I  JO, 

’  -  AkRT/P  -4  r  ■  J  ■ 

This  equation  shows  the  complex  interrelationships  between  mass  transfer  and  reaction 
rate  m  deieriiiining  a  potential  gradient. 

With  this  summary  of  published  work  on  diffusion  potentials,  ihe  task  of  predicting 
rates  of  deposition  under  conditions  of  diffusional  control,  within  the  limitations  necessi¬ 
tated  by  the  present  state  of  our  knowledge,  is  completed. 


Problems  Requiring  Additional  Research 


Extension  of  present  knowledge,  not  ordy  in  the  area  of  fundamental  studies  on 
mechanisms  but  also  measurements  of  the  flow  patterns  and  coefficients  in  models  of 
various  types  of  vapar-depositioa  systems.  Is  obviously  required. 

Considerable  effort  is  needed  in  the  area  of  defining  when  natural  convection 
effects  become  appreciable  and  how  to  interpret  data  under  such  circumstances.  A 
large  amount  of  study  on  reactions  in  surface  boundary  layers  is  being  carried  out  in 
other  fields,  and  this  information  should  be  modified  and  applied  to  the  vapor- deposition 
field.  A  great  deal  of  information  also  needs  to  be  developed  in  the  transfer  problems 
associated  with  coating  complex-shaped  objects,  since  these  are  frequently  of  commer¬ 
cial  interest. 

Little  is  known  ahoiit  the  effects  of  scale  and  intensity  of  turbulence  in  vapor - 
deposition  systems,  i.  •.  how  are  the  over-all  rate  and  uniformity  of  depositien  af¬ 
fected  by  both  natural  and  artificially  induced  turbulence.  For  instance,  studies  on  the 
application  of  sonic  energy  to  vapor-deposition  system*  is  certainly  warranted. 

Flaidi-"'d-bcd  vapor -deposition  processes  have  received  unusual  attention  during 
the  past  few  years  from  both  industrial  and  Government  laboratories  for  numerous 
applications.  However,  little  is  known  abouc  me  reaction  and  flow  mechanisms  in  such 
ecuipment.  Iho  scaie-up  problems  in  these  units,  particularly  v.-he-rj  two  or  more  feed 
screania  cannot  be  mixed  before  they  are  injected  into  the  fluidized  bed,  are  indeed 
formidable.  Use  of  the  plasma  jet  as  a  chemical  reactor  is  also  rapidly  breaking  away 
from  the  curiosity  stage.  Informaticn  on  the  turl«ilen:  diffusion  coefficients  in  the  jet 
would  be  of  considerable  help  in  guiding  process  work  based  on  vapor-deposition  re¬ 
actions  in  this  type  of  reactor. 

It  should  be  obvious  that  the  potential  of  the  vapor-deposition  techniques  is  enor¬ 
mous,  but  further  large-scale  commercialization  will  have  to  be  based  on  fundanicutal 
consiCcrations . 
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